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INTBODUCPI01. 
The Sodium Tungsten Bronzes, with the general formula, 
NaW031 where x varies from 0 to 
'cO. 8, form a series of 
non-stoichiometric compounds with semiconductor (x ( 0.25) or 
metallic (x ) 0.25) properties. The "free" electrOn concentration 
varies over a wide range with only very small changes in lattice 
parameters. They constitute, therefore, a system for which the 
connection between electron concentration and mobility on one 
hand and catalytic activity on the other can be ' - onveniently 
studied. 
The earliest literature reference to these compounds was by 
W&iler (1), who in 1824 succeeded in preparing a sodium tungsten 
bronze. The designation "Woifranibronce", which was introduced to 
describe the yellow metallic lustre of Na 703 (x0.8), was first 
used apparently by Phriipp and Schwebel (2), but despite this and 
many other reports (3-11) of their existence little work was done 
to establish the actual nature of these compounds until the last 
two decades. 
In general three methods (12,13) have been used to prepare 
the sodium bronzes:- 
(a) An electrolytic reaction in which a molten mixture of 
and W03 are decomposed with platinum or tungsten electrodes. 
Here the product forms üxi the cathode with oxygen being liberated 
at the anode. 
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A thermal reaction 
X/2 Na2W% + (3-2x)/3 W03 + x/6 VI = NaW 03 
in which the solid reagents are finely ground Wad heated to give a 
product via the solid siate reaction. 
One involving the reduction of molten soãiu3n paratungstate 
c.Eig either electrolytic hydrogen or a metal le. tin or zinc. 
Table 1 gives a broad iutline of the change in crystallographic 
properties (14-25) together with colour change for the sodium 
bronzes. The crystal structure undergoes successive transitions 
through tetragonal 1 and 2 phases (1,20,22-427.-32) in the region 
x :O. 1-10.3, whereafter a cubic phase (17,l9,222L-,27,3l,33) 
occurs up to xo.8. The reported existence of a tetragonal 
phase in the region x0.I4 by some workers (20,32), has been 
attributed to a more gradual rate of annealing during preparation. 
For values of x<01, triclinic (14-6,33) and monoclinic. 
(pseudo-orthorhombic)(21,23-4, 26-7, 32, 3Li.-7) structures have been 
postulated. 
Of special interest is the linear relationship between the 
lattice constant, "' and the sodium content ttit  for the cubic 
bronzes This relationship, illustrating Vegard's Law (38), has 
proved to be of great assistance in the deterraination of the "x" 
value, which is given by the expression (39). 
= (3.7345 + 0.0320x) à. 
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The siinp1est model (II) for c. sodium tungsten bronze, is to 
regard it as a host W0 3 structure in which sodium atoms have been 
introduced interstitially. W03 has a structure of lo? symmetry 
(21,23-14,26-7,32,34-7) consisting of deformed W06 octahedra 3oined 
by sharing corners to form an infinite 3-dimensional framework 
(21,27,40-2) in the same way as the regular octahedra of the Re03 
structure (figttre 1(a) and (b) )(Lj.0). The loss of oxygen under 
vigorous condiions leads to the appearance of a new phase below 
composition W02098  (37,40,43-9), to give a structure consisting 
of blocks of the basic Re03 type but separated by shear planes 
or dislocations (40949). For the simplest case, which leads to a 
structure analogous to that of perovskite, 0aTiO3 (L.0), the unit 
cell can. be represented as in figure 2, (II), with a tungsten. 
aton tt the centre, 6 oxygen atoms at the face centres and eight 
ttinterstitial Bites" at the cube corners more or less occupied by 
alkali atoms. When these sites are completely empty i.e. where 
x=Oim Na11703, this ideal structure resembles that of W0 39  the 
difference being that with W05, the W atoms arc slightly off centre 
in adjacent unit cells. Figures 3(a) and 3(b), (Lj.o), give an 
idealised picture of the perovskite structure. 
Initially (19,27,31,39,50-7) it was assumed, in order to meet 
the necessary requirements of neutrality, that there was a 
progressive change in oxidation state from W(VI), found in W0 3 
(x=O), tc Wholly W(V), found in the hypothetically highest member 
of the series N110W03. This classical model (43) for non- 
Fig 2 




stolch5.ometrio äonpornd.s of the transition elements asses the 
presence of Isolated ions in several oxidation states and the 
conductivity process is postulated to proceed via an electron 
transfer from a lower to a higher valent ion. More recent studies 
(11,25,27,31,43',58-63), however, have shown that such a theory is 
unable to provide on adequate explmaticai of the observed properties 
of the tungsten bronzes. With the recognition that antiferromagnetic 
interactions encountered in tronsitlon metal oxides, require some 
overlap of the atomic orbitrils, it becanie clear that isolated 
energy states have to be replaced by dclocaJLiscd levels such as are 
pasthiated in the band theory of solids. The low temperature 
paramagnetism observed for the sodium tungsten bronzes also argues 
against isolated spin states of the type implied by formulating 
the bronzes as solid solutions of W(vi)0 3 in hypothetical MW(v)o 3 
(11=a1ka1i metal). 
Sienko 3nd Crowder (61), Mackintosh (62) and Fuchs (63), 
working independently, approached the problem In one of two ways 
based on the Molecular Orbital Theory: a "Perturbation" theory 
due to Frohlich -and Mott (64) and to Howarth and Som.heimer (65) 
and an "Intermediate Coupling" theory due to Lee, Low and Pines 
(66-8), both of which have the common feat - -o that each sodium 
atom contributes one electron to a conduction bond. These theories 
have also proved quctlitatively very useful in accounting for the 
metal to semiconductor discontinuities observed with decreasing 
temperature for sane of the 3d metal oxides and for the decreasing 
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carrier imobilitles observed from left to right in the conduct*ng 
oxides of the 3d tronition sequence. 
The use of the Molecular Orbital approach (11,61-3) has 
proved to be a valuable tool in assessing the electronic structure 
of those compounds. In his studies of the electronic structure of 
bronzes with Lietailic properties, Sienko (ii) adopted on 
essentially covalent model in which the conduction bond was 
derived solely by overlap of the tungsten. 5d(t2g) orbitals. 
Although theoretically on insulator (69) Yb 3 does exhibit 
semiconductor properties usually 	type (61) in character 
("p" type (70) has also been reported), owing to various 
impurity centres, unally associated within the region 
bridging the gap between the valence and conduotion bonds and 
inevitably present with polycrystalline material. With the 
introduction of sodinm atoms to this structure, the conduction 
band is filled up to an extent which is determined by the "x" 
value, 
Mackintosh (62), also adopting a covalent model, approached 
the problem In a different way. He sought to explain the formation 
of the conduction bond by the overlap of the sodium. "p'  atomic 
orbitals. 
The supporting evidence for both if these bond models, 
which have led to W03 being called on "electronlesa ntetallt (ii) 
which is populated by electron donors, Na, comes from various 
-6 
kinds of measurements. These include resistivity vs teirperathre, 
Hail voltage, thermoelectric power, magnetic susceptibility and 
nuclear magnetic resonance iiieasnroient8. Each of these serve in 
turn, to account, for the suitability or inad.eqwcy of either or 
both of these models. 
More recently Fuchs (63), has shown that, although neither 
is wholly correct, they both provide a more than useful foundation 
from which a more complete picture of the conduction band may 
soon be obtained. Fuähs has suggested that clusters of sodium 
atoms nay occur in the bronzes. Here ciectons would be localised 
more diffusely so that they would extend over the tungsten nd 
oxygen ions next to the sodium ions. 
Ind.ce the broad applicability of both notois nay be judged 
from the fact that they arc able to account for the observed changes 
in colour of the tungsten bronzes Brov,n and Banks (25) have 
reported from their investigations of the spectral distrbution 
of visible light reflected from NaW03 soplea, that the absorption 
peak narrows appretciably as"x" increases. This is a consequence 
(630,1971) of the widening gap between the valence band and the 
first vacant level of the conduction band and due to the increasing 
density of filled states in the conduction band. 
Transient nuicleo.r magnetic resonnnce studies based on the 
23Na resonance in the sodium bronzes, in which a negligible Knight 
shift has boon observed, have provided evidence for Sionko's 
model (62,72-4) based on tungsten ci orbitals. Narath, first with 
-*7-- 
Wflaàe (75) and then Prom -hold (76),. extending these studies to 
the 183w resonance in these cpound.s has served to corroborate 
the earlier studies of the 23Na resonance. 
Resistivity vs temperature pléts, obtained from measurements 
on single crystals of the bronzes with x> '- 0. 3., have almost 
without. exception exhibited positive thermal coefficients of 
resistivity (19,24-5,54,60,77-9) consistent with iietflio 
behaviour. Work carried out on powder samples have not, however, 
proved as reliable, one notable example being the resulta obtained 
by Straumanis and Hsu (52) which were consistent with semiconductor 
behaviour In figure L. (7), the resiattvitiés of single crystals 
of cubic and tetragonal sodium bronzes at 300K are shown as 
a tunct±on of alkali metal concentration. Figure 5 (78), represents' 
the conductivities (reciprocal resistance) of the same bronzes at 
300'K plotted as a f(x). By extrapolating to zero conductivity 
the curve in figure 5 strongly suggests that all bronzes will 
become semic'ynthictors (or insulators) for values of 'x less than 
0.25. This possibility has been suggested by Bienko and Trong 
(80) using the theory of Mott (81) for metal-semiconductor 
transitoiis. Fuchs (63)9, however has pointed out the major 
weaknesses of applying this approach, arid in addition has 
suggested an alternative mechanism based on Mackjntosh'a work 
(62) Moreover, the difficulty of obtaining sufficiently 
hcnogeneis crystals have made it virtually impossible to make 
an accurate study of the discontinuity which would be expected 
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in the region below x'O.25, have exhibited metallic character. 
Strawasnis and Hsu (52) have demonstrated that the Ionic 
conductivit1 observed with lithium tungsten bronzes, is absent 
In the sodium bronzes be:Low'450 *C# thus precluding any diffusion 
of sodium atoms through the Iattice. Many references (24-5,82) 
have been made to the presence of a miniirnixa In resistivity in 
the region x'0.75. Brown and Banks (25), supplementing 
resistivity wrk with Hull effect studies, deduced that the 
mobility of the electrons in the bronzes was"35 of that in 
metallic sodium, They have put forward a tentative explanation 
In, terms of an equilibrium between und.iesooiated sodium atoms, 
sodium ions and free electrons: for values of x40.75, each 
sodium atom added contributes one free electron and one random 
scattering centre;Na 	until at x-0.75 an erdred structure is 
formed, whereupon the continued addition of undiseociated sodium 
atoms creates only additional scattering centres with a resultant 
increase in resistivity. Itwas noted by Juretechke (82) that this 
minimum, was ritttch less than is customarily associated with such 
ordered structures, Despite later reports, however, of the absence 
of the ordering phenomenon (60.), the problem was finally resolved 
by MahjLegtein and Danielson (79)9 who were able to show 
conclusively the presence of the minimum at xf 0.75. They 
attributed the earlier discrepancies to the use of inhomogeneous 
crystals. 
Measurements of Seebeck coefficients (thermoelectric 
pwers)(61, 7&.-9) ond Hall coefficients (24-50304 978,8O) htve 
provided evidence ii support of the proposed free electron model. 
Moreover, many workers have indicated that each sodium contributes 
one electron for conduction processes, although, more recently, 
the value of using Hall coefficients has been put in doubt by 
Mahlestein and Danielson (79), who found that they were unable 
to predict the exact number of electrons consistent with the 
sodium content of their samples. 
On the other hand, the thermodynamic properties of the 
bronzes obtained from magnetic susceptibility data (43,50,58,76, 
83) as Well as specific heat data (84), thoiigh still in 
agreement with the view that the bronzes ontain "uas1't-fx'eo 
electrons, suggest that this free electron theory must be 
considerably modified (63,78), however well it accounts for some 
of the transport properties of these compounds. 
Although, as we have seen, much work has been carried out on 
the physical properties of these compounds, the study of their 
catalytic properties has received much less attention, Jones 
(85) has studied the ortho-para-hydrogen conversion and hydrogen-
deuterium exchange reactions, Balandin and SokoJLova (13) the 
decomposition of isopropyl alcohol, ethanol and formic acid, 
and Dickens and Whlttingham (28) the oxygen atom recombination 
reaction. 
Jones (65, using samples with O:.304 x40.98, was able to 
-i0- 
show that the rate constants per, unit area exhibited a sharp 
maximum at x = 0.67; at this composition, for example, the rate 
constant was 840 tines as large as that at x = 0. 30. The maximum 
in activity occurred at roughly the same composition as the 
maximum in the electron mobility determined by other investigators 
(24-5,33954,789,80). This variation in rate be attributed, vizth],y, 
to a variation in the number of active centres, since the (high 
temperature) activation energy was found to be constant over the 
Whole ige of composition ('6.8 K als/ ntoie). 
It was further observed that the bronzes underwent an 
'Activation process" in hydrogen, the activity being initially 
low and increasing to a stable xaaxiimim, after a few days. This he 
ascribed to a slow adsorption process, sine outgassing in vacuo 
did not impart activity, and prolonged pmnping on activated 
bronzes caused a decrease in activity. Moreover, a rapid 
restoration of the activity was uchioved on renewed exposure t 
hydrogen. 
Balandin and Sokolova (13), using tungsten trioxide and 
bronzes prepared by reduction of sodium paratirngstate, showed 
that the dehydrating power of the bronzes was less than that of 
1703 or the imredwced parctttmgstatc. The dehydration activity 
decreased with increased degree of reduction, becoming almost 
zero for the most completely reduced bronze (x = 0.91). The 
increasing inertness to chemical change with increase of "x' value 
through the series was demonstrated by the resistance toxidation 
Fig.6 










of the highest members of the series. For emp1o, whereas the red 
bronze (x = 0.63) exhibited a substantial increase in activity 
after being heated in air for 1 hour, no Ohange was observed for 
the higher bronze (x = 0.91) under identical conditions. Evidence 
of the readier oxidation of the lower bronzes was provided by the 
appreciable Increase in activity of the dark blue bronze 
(x = 0.28) ,whicb, after heating in air for 3 hours, had an activity 
similar to that of the original paratungatate. They also found 
that the progressive substitution of Na by I,i in the bronzes 
noticeably decreased their activity for the dehydration of 
isopropyl alcohol. 
These observations, they sought to explain in terms, of the 
Multiplet theory (86), postulating a two point adsorption on 
adjacent sodiuni and oxygen vacancies. Figure 6(a) represents the 
face of a unit cell in the cubic bronze, while figure 6(b) shows 
the atomic layer beneath it. Soiae vacancies arise When xl by 
virtue of the lack of sufficient sodium atoms to occupy all the 
corners, whilst others may arise through lack of oxygen. The H 
and 0 atoms in alcohols which react during catalytic dehydration 
can then fill these vacancies (figure 6(a)) with the oxygen 
completing the W06 octahedron (87). In figure 6(a), which is 
drawn to scale, the location of the C atoms arc also indicated. 
That the atomic distribution shown in figure 6( ,%) is quite feasible 
is seen from the fact that the 0-C distribution :18 analogous to 
that adopted by thorium carbide (88) (cf. figure 6(c) ) and 
-12- 
further that hydrogen analogs of the sodium bronzes, with almost 
identical parameters have been isolated (89). In accordance with 
this theory, the intermediate complex in figure 6(a), is a solid 
surface solution. 
The agreement within about 16between the distance between 
(Nce..o) vacancies and the (HO) distance in alcohols serves to 
illustrate how this model can. account for the observations that the 
sodium bronzes promote the dehydration reaction, though. weakly. It 
is also able to provide an explanation for the fall in catalytic 
activity with increased reduction of the paratungstate or 
±ntroduction of lithium: both of those reduce the number- of 
defects in the corners of the cube with the result that fewer 
alcohol molecules can be adsorbed in the catalytically required 
positions. In concluding their work, Balandin and Sokolova 
pointed out that although the discoered parallelism between the 
ctrtlytic activity and the number of defects in the bronzes conforms 
with the electronic theory of catalysis, the weak catalytic 
activity of their defective lattices does not. In general, besides 
the defects, the various steno and energy relationships have also 
to be accounted for. 
Of perhaps less siiificcnce, has been the study by Dickens 
and Whittingham (28) of the oxygen atCM recombination reaction 
on the bronzes of the general formula M XWO3, where M = Li, Na or K 
and 	0.8. In all oases, the reaction was found to be first 
Order, and the activities obtained, found to be closely related 
-13- 
to the electronic properties of the bronzes. 
Of special interest with regard to the present work have been 
the studies by Crowder and Sienko (37, 61), Der&i and Polctczkowa 
(90) and others (45,49,91) on the electronic properties of tungsten 
trioxide, These have shown that the conductivity of the 
semloonduoting oxide increases rapidly in vacuo and that a "uusi 
metalijo" state is finally attained. Earlier it was stated that, 
according to Mott's theory (81) for metal-semiconductor transitions, 
a changeover from metallic to semiconducting properties would be 
observed at values of x< 0.25 in NaW0 . It is now accepted, 
however, that under vacuum conditions, this changeover may occur 
at much lower values of "XI', and indeed may never occur at all. 
This has been pointed out by Kudrak and 31enkGD (91), who have 
shown that additional electron centres are created by removal of 
oxygen, each. missing oxygen atom being equivalent to the presence 
of two alkali atoms. This eQuivalence of oxygen defect and alkali 
metal addition in the W03 system has been demonstrated by Sienko 
and Baner)ee (45), by the fact that the magnetic behaviour as a 
function of x is the same in W03_ as in JVJWO3.  This tendency of 
W03 to readily shed some of its surface oxygen (cf. Jones and 
Balanclin and Sokolova), has also been referred to by Rabes and. 
Schenk (92) whoobserved that formic acid, a strong reducing 
agent, quickly reduces the surface of the parent oxide W03. 
-14- 
The Formic 'Acid Deounipoition Rectiq 
Formic acid may decompose either by dehydration to yield 
carbon monoxide and. water, or by dehydrogenation to yield carbon 
dioxide and hydrogen. On some catalysts : both reactions occur. 
The wealth of evidence gained from infra red (93,95), 
kinetic isotope (93,95) and conductivity (93994) studies support 
the view that, in the absence of su.ifaoes exhibiting acidic 
properties, the reaction proceeds vie a formate ion as 
intermediate. 
H000H 
002 + H2 




Considerable doubt, however, still exists r.iver the actual 
direction of charge transfer on the surface, evidence for both 
positively (93994,96) and negatively (93,95) charged species 
having been forwarded, and as to whether a monomolecular or 
bimolecular mechanism is operative. The later problem has to 
some degree beeii clarified by Hirota (95) et. al, from infra red 
-15- 
studies of deuterated formic acid an nickel  films, and by Lawson 
(97) from measurements of the desorpton exchange and catalytic 
decomposition of 146 labelled formic acid molecule3 on silver 
films, Both gets of results were found to be consistent with . a 
bimolecular mechanism, in which a formate ion, normally stable, 
was rendered unstable in the presence of the vapour or the 
Physically adsorbed species of formic acid Moreover r they 
postulated that interaction between the two species could occur 
to form an intermediate complex of the fora: 
r0 	 N 
o 	 _o 
- - - - - 
H- 
11717771111111111111 1/77//I 1/777 
Surface 
Breakdown of this complex could then occur to give 002 and H2 or 
CO and 1120 . 
The work presented in this thesis was undertaken to elucidate 
further the catalytic properties of the sodium tungsten bronzes. 
A kinetic study of the decomposition of formic acid has been 
carried out, together with electrical conductivity measurements, 
on the bronzes and also on 71030 
Preparation of the odium T,ungsten rnzes. 
Of the various methods (1243) available for the preparation 
of the sodium bronzes, the most versatile and the one adopted 
in this study, is the solid state reaction: 
x/ Z Na2W% + (3-2x) /3 W03 .+ x16 W = NaW03 
Here the appropriate quanties of sodium tungetate, tungstic oxide 
and tungsten powder were finely ground and heated In a silica 
tube (6 cmi long and 1 cmi wide) at 850C under vacuum (10 5 mm Hg), 
for a minimum of 5 hours. A sample of pare tungsten oxide was 
heated in the same manner. Owing to the strong devitrifying 
action of sodium tungatate en vitreciussilioa, a tube could not be 
used for more than two or three preparations, more especially 
during the preparation of the higher members cxf the series. 
After cooling, the samples were finely ground and then leached 
successively with boiling dilute NaOH, concentrated HO]., 
distilled water arid acetone (28). This treatment removes unreacted 
Na2WO4, W03 and tungsten metal. 
Analysis of bronzes. 
Analyses for sodium content were carried out by ftision 
with.a 3:1 fusion mixture of KNO3:K2003 in a platinum crucible, 
the bronze going rapidly into solution with gentle heating. After 
cooling, the white cake was dissolved in boiling water and then 
transferred to a 250 ml graduated flask. The amount of dissolved 
* 
sodium, and hence the percentage of sodiuii in the brczize, was then 
measured by use of an. Eel flame potoieter The flame photometer 
was calibrated using solutions containing differenc known 
concentrations of sodium ions together with a constant concentration 
of potassium ions, both ions being introduced as their respective 
chlorides. Care was taken to ensuie that all fusions were carried 
out Ntrith a potassium ion weiIit identical to that present in the 
calibration solutions. 
X-rM 	ti 
X-ray powder diffraction traces were determined with a 
Philips x-ray diffractometer (35'iw-20rnrt. beam, copper target) 
and scanning the range 20 = 860 
For members of the series exhibiting both cubic symmetry 
(0.3'xK0.8) nnd distorted cubic symmetry (0.1<x<0.3), the 
spacings were calculated from the relation. 
2dsinO = fl' b 
and by use of the expression. 
- 	a 
Jh2+ k2 + 3.2 
most of the peaks on the diffraction trace could be indexed. 
Table 2 shows that the resu1s obtained compare favourably 
With those of other workers (14-27). Without exception, all lattice 
parameters "a Ab(present  study)"' are mean values for the 100, 110, 
lii, 200, 210 and 211 lattice pir.nes. 
Traces taken after exposure to formic acid showed negligible 
change in the value of 29 or the intensity Of individual peaks ., 
Indicating that little reorganisatian of the crystal lattice had 
occurred during the reaction sequence. 
Table 2 
X-ray Diffraction Measurements 
Copper target !kV 20 mA unfiltered 
k a. radiation 	A= 1,51,.05 0A 














Surface Area Measurements. 
The method adopted was that derived by Brunauer, Emmettp 
and Teller (99), universally knavM as the B.E.TQ method. 
Here, a gas is adsorbed onto the previously degassed solid at 
low temperatures. Near ideal gases are generally used since they obey 
the B.E.T. theory in its simplest form. On the assumption that several 
layers of gas can be adsorbed onto the solid surface, this theory 
may be shown to lead to on expression from which the volume of gas 
necessary to form a mono layer on the surface is readily obtained. 
The volume of gas adsorbed at N.T.P. is given by:- 
(Po - P) (I + (c-i) P/Po.) 
where P p±essthe Of gao 
Po = vapour pressure of gas at the temperature of the adsorbate. 
c = constant related to the heat of adsorption. 
Vm = volume of gas at N.T.P. necessary to form a mono layer 
on the surface. 
From this expression it can be seen that by plotting 
p/ (p0 _p) V against P/Po, a value for Vim can be obtained. 
Knowledge of this quantity then enables the number of molecules 
involved in covering the surface and hence the surface area to be 
calculated. This isotherm is generally found to , hold up to a 
relative pressure (P/Po) of' 0.25. 
-21- 
With the sole exception that pressure measurements were made 
directly using a small Mc, lead gauge, the experimental procedure 
was that autlined by Inglis (ioo), using krypton as adsorbate gas 
t -196c and helium for dead space determination. The cross 
sectional area occupied by on adsorbed krypton atom was taken to 
be 19.5 '2 The varicrns fixed vc.iuraes were determined using helium 
since the gas is not apprieciably adsorbed on glass. Table 3 gives 
a sux'y of the measured surface areas, both before and after the 
leaching and washing procedur€. The surface area quoted for each 




'X I  
Surface Area metres 2/gm. 
Before Leaching After Leaching 
0 2.00 - 
0.11 0.41 2.13 
0.16 1.65 4,44 
0.28 1.25 2.58 
0.38 0.32 1.33 
0.52 0.55 1.23 
0.60 0.23 0.95 
0.66 0.06 0.19 
0.73 0.18 0.53 
0.77 0.13 0.42 
0.81 0.11 0.33 
0.85 0.16 0.50 
-22- 
Magnetic Susceptibility )leasurements. 
V Lieasurements of the magnetic susceptibility of substances 
containing transition elements are useful in giving an indication 
of the presence of unpaired electrons due to holes in the d-band, 
and as such have proved of value in elucidating the electronic 
properties of the tungsten bronzes. 
Measurements of the susceptibilitj.ee of tungsten trioxide 
and the sodiun tungsten bronzes were made by the Gouy method at 
roaim temperature and a field strength of about 10,000 gauss, 
the Gouy tube being calibrated with Hg(Co(CNS))(101). Measurements 
of specific susceptibility were also made on samples which had been 
pretreated in a iirnrmer identical to that experienced by samples 
during the study of the kinetics of the formic acid decomposition 
reaction. 
The 3mm diameter pyrex Gouy tube, having a reference murk gem 
from the closed end, was suspended by aliinium wire so that the 
bottom was on the axis of the horizontal pole pieces of the magnet 
(figure 7). Before any weighings were curried out (with the tube 
empty or filled, or with the magnet switch on or off), the tube 
suspended for ton minutes, to allow it to reach the temperature of 
thosurrounding air and as necessary to allow the magnetic field to 
become uniform. 
The tube was weighed empty with the magnet switched off and 
then again with it on. In this way the diamagnetic correction for 
the tube was obtained... The volume of the tube was then determined 
by filling it to the reference mark with water and weighing with 
the niaietU off. The tube calibration constant was found by Use of 
Hg(Co(CI'T3)4), the magnetic susceptibility of which Is 16,44l 6cgs 
Units at room, temperature. 
In the preparation of pretreatea scnirples, use was made of the 
apparatus sham In figure 8. The sample was placed In the horizontal 
reaction vessel and subjected to a reaction sequence identical to 
that adopted in the study of the kinetics of the formic acid 
dccoiapositIon reaction. After about four reaction cycles each 
Involving the expnäion of formic acid to the reacting system 
followed by heating at 180-2300 for.- 0 2 hcm.xo, and outgasslng for 
a minim= of 3 hours at 470-500 °O, the cataiyst was allowed to 
cool to Ooin teerature. Stopcock T was then closed, the apparatus 
detached from the vacuum line and the sample carefully transferred 
from the reaction vessel to the adjoining Gouy tube. Thereafter, 
the Gouy tube was scaled and removed- from the reaction vessel. 
Measurements were then carried out In a sinilar manner to those for 
normal samples. In nil these oases, the volume of the sale was rec 
—ordea by a. scratch on the outside of the tube and the tube 
calibrated using a volume of cctlibrcnt eq3lal to the volume- of the 
catalyst previously erloyed. 
The specific susceptibility of the sample Is given by (102): 
io6 c= < 
w 
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 where pt = p 
= oaistmt for displaced air = 0. 029)( specimen volume. 
= Jaibe calibration constant. 
W = weight of specimen. 
F' = force on specimen. 
F = observed force. 
= diamagnetic correction for the tube. 
By conventionø4 9 F and E are measured in mg and VI in  
Fig 7 













Magnetic SusceptibilitY at 
'XI 
value 
Specific Susceptibility 10 6X c-gs. units 
Normal Samples Pretreated Samples 
o 0.57 2.45 
0.11 0.13 0.01 
• 0.16 0.10 0.05 
0.28 0.15 • 	 0.10 
• 0.38 0.19 0.14 
0.52 0.22 0.16 
0.60 0.12 0.06 
0.66 0.14  0.07 
0.77 • 	 0.35 0.29 
0.85 0.19 0.13 
-26- 
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Electron spin Resonance $tud. 
In principle, electron spin resonance (e.s.r.) may be observed 
in any system. that has unpaired electrons. Moreover, electron spin 
resonance absorption can be shown (103, 104) to take place at any 
frequency provided the value of the magnetic field is adjusted to 
satisfy the equation:- 
= gHo 
in which3 is the Bohr maieton and Ho is the strength of the 
applied field. The quantity 'g' is the Land€ spectroscopic 
splitting factor and has the value 2.0023 for a free electron. 
In practice mixing of spin momentum with orbital momentum in atoms 
and melecules, may cause 'g'to depart from this value. 
In the present study measurements of the e. s. r. spectra 
were carried out using a Hilger Watt Microspin electron spin 
resonance spectrometer. The electromagnet and atabilised power 
pack were supplied by Newport Instruments. Spectra were taken both 
of normal samples and of samples pretreated in a manner analogous 
to that used in the study of the magnetic susceptibility of these 
catalysts. The apparatus used for the pretreatment was Identical 
to figure. 8 except that the quartz sample tube and pyrex reaction 
vessel were cemented together with araldite. Care was taken to 
ensure that the araldite seal was kept cool when the reaction 
vessel section was being heated. Prelimirry studios of spectra 
taken at room temperature were supplemented by measurements at low 
-28- 
temperatures and with Increased magnetic field strength to give 
higher sensitivity. 
Although, no detectable signals were observed for any of the 
sodium bronzes, whether pretreated or not, a signal was observed 
for pretreated W03. This occurred at a g value of'1.6 and indicated 
that pentavalent tungsten was present on the surface. The absence 
of any such signal for non-pretreated W0 3 refutes the possibility 
of the line being due to impurities present in the W03. 
-29- 
Preparation of Gase, 
The gas handling lines were arranged so that the gases and 
vapours used in. these experiments could be obtained and stored 
in high purity. 
(a) Formic Acid. 
500 ml Analar Formic Acid, were distilled in the presence 
Of phthalic anhydride (to-remove any water present) and the 
fraction collected in. the range 99-101C. The distillation was 
repeated a further three times. Thereafter the purified formic 
acid, was frozen out using a drikold/ acetone bath; allowed to melt 
and when half melted, the melt was discarded and the remaining 
solid allowed to warm to room temperature. This cycle was repeated 
at least six times, noting the melting point of the solid each 
time. After this series of operations, the acid was found to 
melt at a constan.t temperature of 8,1C in excellent agreement 
with literature values (98). A small, quantity of the purified 
acid was placed in a detachable tube and connected to the gas 
handling line. The acid was then frozen with liquid nitrogen 
and the sample tube evacuated. Vacuum distillation of the acid 
was then carried out between a storage vessel mid the detachable 
tube several times (A and B in figure 9), discarding the first and 
last 10 at each cycle. The acid was finally frozen out in the 
storage vessel and maintained at -196' 3'0 when not in use. 
-30-- 
Krypton. 
99-100% Krypton with balance Xenon was supplied by the 
British Oxygen Co. in break seal bulbs. The bulb was glass blown 
to the gas handling line via a liquid nitrogen trap, so that the 
pressure of krypton. could be reduced to(3inm Hg for ease of 
handling during surface area measurements, 
Helium. 
Mineral helium vas admitted through a charcoal trap at a 
rate not exceeding 30 ml! mini The charcoal was first activated 
by baking the trap dLt 300'50 overnight with continual pumping. 
The system was isolated from the pumps, and if the pressure in 
the system was ( 1x10 5 mm Hg, as measured on a McLeod gauge, the 
trap was cooled in liquid nitrogen and helium admitted. The gas was 
stored in a 2 litre bulb. 
(a) Hydrogen, Carbon Monoxide and Carbon Dioxide. 
These gases were used for surface adsorption experiments. 
Hydrogen and carbon monoxide were simply expanded into the system 
from a cylinder through a liquid nitrogen trap and stored in a 
2 litre bulb. Carbon dioxide was obtained by placing a small 
quantity of d.rikold in a detachable tube and connecting it to the 
gas handling line. The tube was cooled in liquid nitrogen and 
evacuated. Vacuum distillation of the gas was then carried out 
between two detachable vessels several times in the usual manner. 
Thereafter, it was finally stored in a detachable tube at -196"C. 
Since, in many instances, ultra high purity was not necessary these 
preparations were considered sufficiently good. 
(e) Water. 
A small quantity of distilled water was introduced into the 
gas handling line and distilled in a manner analogous to that 
adopted for formic acid. The purified water was stored in a 
detachable tube and kept at —196' 0 when not in use. 
Fig 9 
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Reaction system for Kinetic Iieasurements. 
Figure 9 shows the static system used for kinetic experiments. 
The whole system was constructed. of 'Pyrex glass, Apiezon' L or T 
greases being used to lubricate all joints and stopcocks, the 
latter grease more especially for regions above room temperature. 
The pumping system consisted of an Edwards G.M.2. mercury 
diffusion pump backed by a Edwards E. D. 35. s, speedivac, rotary oil 
pump and gave pressures less than 10 mm Hg, on a McLeod gauge. 
Two liquid nitrogen traps were used to minimise any poisoning of 
the catalysts by mercury vapours present in the system. 
The reaction vessel was a vertical tube, 30 mm in diameter 
and 37 ml volume and was connected directly to a calibrated 
glass spiral pressure gauge equipped with a light pointer. A 
pressure change of 1 mm Hg giving a deflection of approximately 
5 mm on the scale. This deflection was linear with respect to 
pressure over the range of pressures used in the kinetics 
measurements. 
The reaction vessel temperature was controlled by means of 
an electric furnace and electronic controller to within ± 0.2°C. 
By a system of counter weights and pulleys, the furnace could be 
easily raised or lowered round the reaction vessel. 
Temperatures were measured with a thermocouple of Driver 
Harris T1/ T2 alloy calibrated against a standard thermocouple. 
Therpioccruple voltages were measured on a 'Cropico' type P3 
potentiometer which enabled temperature changes of ± 0.2 ° C to be 




Procedure for Decomposition E.xperiiient s. 
Identical procedures were adopted for all catalysts. When 
the reaction vessel containing a known weight ( 2) of catalyst 
had reached the desired temperature, formic acid was allowed to 
enter the reaction vessel to an initial pressure of 25-30 mm Hg. 
As soon as the system had been isolated, the initial pressure was 
read on the spiral gauge and the stopclock started. Pressure 
readings were recorded at 15 second intervals during the first 
minute, and 30 second interval.s thereafter. With a1 samples 
presstire/ time àt.irves *erc linear after the first two or three 
minutes indicating zero order kinetics. The extent of this thiear 
relationship was found to increase from'7 i, for the lowest 
members of the series to•30 7 9 of the total reaction, for the 
highest members of the series. Thereafter, the rate of pressure 
increase gradually diminished. At low reaction temperatures a 
pressure decrease was observed during the first minute or two due 
to adsorption of the reactant. All catalysts were found to 
undergo an "Activation Proces&t in formib acid. The activity, 
initially low, increased to a stable maximum after about two 
decomposition runs. Reaction rates quoted in the results section, 
apply exclusively to measurements in the zero order region. The 
reproducibility of reaction rates was within ± 5 . All cataists 
were oixtgassed between runs for a minimum of 3 hours at 470500 LPC 
and 	mm Hg pressure. If at any time the pressure was greater 
than this, a slight failing off in the activity of the catalyst 
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similarly CO and H20 were expanded into the reaction vessel and 
maintained at between 3L80-2300 for a minimum of 3 hours. The 
individual component pressures were then analysed by freezing, 
according to the procedure outlined in the sub-section headed 
'Product Analysis by Pressure Measurements'. 
All reaction rates were corrected for the dimerisation of 
formic acid which occurs below llO"C. This was to allow for the 
fact that approximately 25 0/v, of the reaction system, namely the 
capilliary linkage to the spiral gauge, was always maintained at 
room temperature. 
In. all cases, activation energy plots of log rate! 	T 
were constructed from the study of the decomposition reaction 




The Analysis of Reaction Products. 
Mass Spectrometric Analysis. 
The product mixtures were analysed using an .kEi MS 10 mass 
spectrometer. Carbon monoxide and carbon dioxide samples were run 
individually to obtain their standard cracking patterns. The peaks 
in the spectra were then expressed as percentages of the parent 
peaks at mass 28 and mass 44 respectively. The spectra overlap 
at mass 28, so that, using the data from the individual spectra, 
the relative contributions of carbon monoxide and carbon dioxide 
to the mass 28 peak could be separated, when an unknown mixture 
of the two gases was analysed. 
To calibrate the spectrometer, to take account of sensitivity 
variations for different gases, synthetic mixtures of hydrogen 
together with carbon monoxide and carbon dioxide were made up 
using a combination of a gas burette and Toepler pump. 
Mass spectra were obtained for a series of such mixtures of 
known partial pressure ratio. After correction for background and 
the overlap at mass 28, the ratio of the peak height at mass 44 
to the corrected peak height at mass 28 was measured and plotted 
against the ratio of the corresponding partial pressures. The 
resultant straight lth.e was used to determine a sensitivity 
factor S defined as: 
S = p(CO). h(CO) 
p.(CO) 	h(CO2) 
where h denotes the corrected peak height. A similar S value was 
determined for a plot of hydrogen/ carbon dioxide ratios, so that 
the (002/ CO) and (002/ H2) ratios could be determined from the 
ratio of the corresponding peak heights. 
Direct product analyses were achieved by constructing a reaction 
Set—up similar to that adopted for the study of the kinetics of 
the deccmposition reaction. The reaction vessel was fitted with a 
capillary leak which allowed 	per hour of the reaction 
mixture to leak continuously into the mass spectrometer. It was 
then possible to make a detailed continuous study of the reaction 
products without stopping the reaction. Formic acid, and water were-
frozen out from the pro•duts before the latter were admitted to 
the spectrometer by iiitcrposin a U—tube,, filled with glass beads 
and maintained at _II000  with a propano]LJ liquid nitrogen freezing 
mixture, between the capillary leak and the inlet part of the 
spectrometer. To provide a comparision with analysis results 
from pressure measurements (see below):, reactions in some 
experiments were stopped by cooling the reaction vessel with a 
drikoldJ acetone freezing mixture at —78C before the products were 
leaked to the mass spectrometer. 
The results showed that, for all catalysts studied, the 
pressure of hydrogen was very much less than the corresponding 
pressure of carbon dioxide, with this anomaly being maintained 
throughout the complete reaction cycle. A comparision of the 
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product ratios obtained from reactions frozen at drikoid 
temperatures with those recorded immediately before terminating 
the reaction, provided conclusive proof for the pbysical adsorption 
Of carbon dioxide on the catalyst during freezing at -78C. 
Analysis by Pressure Measurements. 
Analyses were carried out using pressure data to supplement 
mass spectrometric analyses. This method was found to be rapid 
and convenient. 
After decomposition had been allowed to proceed for the 
desired percentage conversion, the furnace was removed and the 
reaction vessel cooled rapidly in a drikoidj acetone freezing 
mixture. When the system had come to equilibrium, with the driko]Ld/ 
acetone bath set at a fixed level, the pressure in the system was 
measured using the glass spiral gauge. The reaction vessel was 
then allowed td warm to room temperature and the pressure again 
noted. Finally the side arm of the reaction vessel (figure 9) was 
immersed to a fixed level in liquid nitrogen, and the pressure 
recorded. Since a temperature gradient existed in the system, a 
calibration was necessary. Helium was admitted to the system to a 
Pressure of up to 100 mm Hg and the pressure in the system noted 
at roam temperature, drikold temperature and liquid nitrogen 
temperatures in turn. This was repeated for different initial-
pressures of helium and calibration plots drav1in of pressure at 
room temperature against pressure observed at -78'C and -196"0. 
The pressures of the none-condensible gases in the product 
mixtures at -78C were converted, with the calibration plots to 
pressures at room temperature, denoted PRV and similarly the 
pressures at -1960. 
Hence 
RT 
(CO + 1L + 002) = Pressure observed at -78C 
after correction tol room 
temperature. 
RT (co + 112) 	 = Pressure observed at -196 CC after correction to room-
temperature. 
Therefore PRT  (002) 	
PRT (Co + 112 + 002) - 
,p
RT  (Co + 112) and so PRT 
(CO  2)  could be determined. 
From comparision with p002/ P'2 ratios obtained from mass 
spectrometric studies of reactions terminated by freezing at 
drikold temperatgzrcs, after a similar percentage conversion, it 
was possible to assign a value to PRT(H2)  so that PRT(C0) and 
henre the GO2/C0 ratio could be determined, deter
To obtain complete ageemént with analyses carried out on the 
mass spectrometer, it was necessary to correct for the adsorption 
of carbon dioxide at -78 CC. This was found to vary according to 
the pressure of carbon dioxide present in the system and to the 
surface area of individual catalysts. Adsorption experiments 
carried out with different initial pressures of carbon dioxide 
indicated that this preferential adsorption of carbon dioxide 
becaime critical only for those higher members of the series which 
favoured the dehydrogenation reaction. In cases suitable corrections 
were applied, bringing pressure results in line with those 
obtained from mass spcctrcmetric analyses. 
Product analysis by pressure measurements were also carried 
out on catalysts which had been exposed to oxygen and on synthetic 
mixtures of 00  and H2, and CO and J120 according to the procedure 
outlined in the previous section. 
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Results of Rate Measurements. 
Zero order reaction rate constants were measured from the 
slope of the pressure/ time curves obtained for each catalyst at 
a number of temperatures. Typical pressure/ time curves are 
shovin in graphs 1, 2, 3 and 14 for bronzes of x = 0.73, 0.60, 0.38 
and 0.16 respectively (Tables 6-9). The rates were then expressed 
in units of molecules per e 	site per sec. 
A certain amount of doubt existed over what in fact should 
cc*istitute an actual reaction sites For convenience, and as a 
consequence of the similarity of crystal structure in going 
through the series, it was decided to adopt, as an arbitrary site, 
the face of the cubic or distorted cubic unit eell of the bronzes. 
On an average the cell edge isirn/3.80A, so that each face 
occupied an area of 14.4'0, and there were-7.0x10 faces for 
each Mbtre2  of surface. 
To obtain a more accurate picture of the actual area (or 
number of faces) associated with individual molecules of formic 
acid, adsorption experiments were carried out on each catalyst. 
These were carried out at teniperatrea for individu'.l catalysts 
at which the reaction rate wa finite but very slow, and the 
procedure was in every way identical to that adopted to check 
for product adsorption. 
Knowledge of the area and number of molecules adsorbed thus 
enabled the area and hence the number of faces per molecule of 
-L3- 
formic acid to be calculated, the results of which are shown in 
Table 5. 
With the exception of H20, which aa found to retard the 
reaction, the addition of the individual product gases was found 
to have a negligible effect on the rate of reaction. Furthermore, 
none of the product gases were adsorbed appfleciably at reaction 
tempera tures, 
In addition oxygen pretreatment resulted in an irreversible 
change in the rate of reaction for catalysts with x>O.11. However, 
with W03 and Ta011WO3 the original rate was recovered upon 
renewed exposure to formic acid. 
Tables, numbers 6a-9a inclusive, give the values of log rate 
constant and io/ T used in the krrhenhi±s plots shown in graphs 
lae_L.a. To sets of log rate constant are quoted for each catalyst, 
one in units of molecules of formic acid per sec per cube face 
area. and the other in units of molecules per sec per adsorption 
site area. 
The activation energies in K. Joules. molcrl and the 
logarithm of the frequency factor log A, where A is in molecules 
site-1s 	were calculated, In. the maorit of cases without 






No. of cube faces! 
inol. ECOOK 
No. of rnols.'of 
ECOOH/cube face 
o 25.9 1.8 0.56 
44.6 3.i 0.32 
0.11 63.3 4..4. 0.23 83•5K 5.8w 0.17 
0.16 51.8 .3.6 0.28 
0.28 37.4 2.6 0.38 
0.38 57.5 4.0 0.25 
0.52 .50.4. 3.5 0.29 
0.60 4-6.0 3.2 0.31 
0.66 18.7 1.2 0.83 
0.73 24..5 1.7 0.59 
0.77 25.9 1.8 0.56 
0.81 33.1 2.3 0.44. 
0.85 36.0 2.5 0.4.0 
-44-. 
Denotes measurements on catalysts subjected to oxygen pretreatment. 
0 Decomposition. 
6 	 Graph I 
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Table 6 
Examples of Pressure-Time Plots 
Catalyst Na 	WOe. Runs 3 and 14 at 211.4.0  C and 179.?C 
0-73 	 respectively. 
t. Illins. 
p cm. s. d. 
run  run 14 
o 0 0 
0.25 -0,65 -0.53 
0.5 -.0.71 -0.67 
.0.75 -0.67 -0.75 
1 -0.63 -0.78 
2 -0,4.5 -0,76 
3 0,25 -.0.58 
4. 0.94. -0,36 
5 1.4.5 -0.06 
6 2.13 0.2Z. 
7 2.85 0,59 
8 3.65 0.95 
9 4.53 1.35 
10 5.32 1.75 
11 6.11 2.15 
12 6.86 2.5. 
13 7.65 2.92 
14- 8.35 3.26 
































T/103 Run No. 
4. 	+ log Rate 
-i mols. sec mols. sec 
(cubic face area)' (ads. site area' 
2.260 11 1.15 1.45 
2.210 10 1.32 1.62 
2.203 14 1.02 1.32 
2.198 5 1.15 1,4-5 
2.165 12 1.34- 1.64. 
2.161 4- 1.25 1,55 
2.137 7 1.4-2 1.72 
2.113 13 1.55 1.85 
2.110 6 1.54. 1.84. 
2.107 1 0.80 1.10 
2.092 8 1.61 1.91 
2.065 3 1.65 1.95 
2.058 9 1.76 2.06 
2.012 2 1.72 2.02 
E = 68.7 + 3.5 K. joules. mole -.'  
log A = 9.2 ± 0,8 (9.5 ± 0.8 for 'ads. site area' plot). 
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Graph 2 







Exam1les of Pressure-Time Plots 
Catalyst Na0 . 6 W03 . Runs 3 and 10 at 208.5PC and 22EPC 
respectively. 
t. mine. 
L\ p cm. S. d. 
Run 3 Run 10 
0 0' 0 
0.25 -0.50 -0.05 
0,5 -0.47 '.0.25 
0.25 -0.45 0.45 
1 -0.4.1 0.65 
1.5 -.0.33 0.99 
2 -0.22 1.38 
2.5 -0.05 1.69 
3 0.05 2.08 
3.5 0.16 2.42 
4 0.31 2.74. 
4.5 0.4.3 3.08 
5 0.53 3.38 
5.5 0.66 3.71 
6 080 4.02 
6.5 093 4.28 
7 1.07 4.59 
7.5 1.21 4.85 
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4 ± LOG Rate mols. sec. (ads.s,te.arca. 
Table 7a 
Na0 . 60 W03 
'VT , Ij3 Run No. 
4.+ log Rate 
mola. sec 1 xnols 	sec' 
(cubic face area)' (ads. site area) 
2.104 1 0.86 1.37 
2.104 2 1.06 1.56 
2.099 13 0.88 1.39 
2.099 14 0.86 1.37 
2.077 3 0.99 1.50 
2.077 4 0.97 1.4.8 
2.048 5 1.11 1.61 
2.04-8 6 1.11 1.61 
2.032 7 1.19 1.70 
2.032 8 1.19 1.70 
2.016 11 1.31 1.81 
2.016 12 1,29 1.80 
1.996 9 1.38 1.44 
1.996 10 1.38 1.89 
E = 95 ± 5K.' joules. mole'.-1 
log A = 11.3 ± 0.8 (11.8 + 0.8 for 'ads, site area' plot) 
Graph 3 







Examples of Pressure-Time Plots 
Catalyst Neo. 3 8W03. 	Runs I and 13 at 190.'C and 216.'C 
respectively. 
t. mins. 
p cm. s. d. 
run  run 13 
o 0 0 
0.25 -0.32 0.05 
0.5 -0.32 0.23 
0.75 -0.29 0.35 
1 -0.25 0.48 
2 -0.06 1.06 
3 0,14 1.64 
4 0.35 2.14 
5 0,56 2.61 
6 0.78 3.01 
7 1.00 3.41 
8 1.22 373 


























4 -1-  LOG Rate o1s.se6 (cube.facc.areai 1 
4-1- LOG Rate mOIS.SC) (ads.site.area.)1 
mm 
Table Ba 
Na0 , 38 W03 
4. + log Rate 
Run No.  
	
mols. sec'' 	 inols. sec -1 - 
( cubic face area)-' 	(ads. site area)' 
-- 	 -- 	 - 	 -- 	 - 
2.156 1 	 0.75 1.35 
2.156 2 	 0.78 1.38 
2.129 5 	 0.84. 1.44 
2.129 6 	 0.86 1.46 
2.110 7 	 0.90 1.50 
2.110 8 	 0.92 1.52 
2.087 3 1.04  
2.087 4 	 1.00 1.60 
2.087 9 	 1.01 1.61 
2.066 10 	 1.08 1.68 
2.066 11 	 1.08 1.68 
2.066 12 	 1.01~ 1.64. 
2.043 13 	 1.16 1.76 
2,04.3 14. 	 1.17 1.77 
E = 68.8 ± 7.1 K. joules. moles 
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Table 9 
Examples-of Pressure-Time Plots 
Catalyst Na t> . WO3 . Runs 6 and 12 at 173.80 C and 19C 
respectively. 
p cm. s. d. 
t. mins.  
run  run 12 
o 0 0 
0.25 -0.10 0.05 
0.15 -0.03 0.25 
0.75 0.05 0.4.5 
1 0.12 0.63 
2 0.43 1.21 
3 0.66 1.72 
4. 0.93 2.22 
5 1.13 2.67 
6 1.35 3.08 
7 1.53 3.4.5 
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Na0 . 18W03 
/ 
Run No.  
: 	4.+ log Rate 
mols. sec 1 mols. sec 
(cubic face area)' (ads. site area)' 
2315 16 0.03 0.59 
2.315 7 0.03 0.59 
2.299 8 0.19 0.75 
2.299 9 0.17 0.73 
2.282 4 0.22 0.78 
2.282 5 0.22 0.78 
2.273 10 0.31 0.87 
2.273 11 0.35 0.91 
2.257 15 0.41 0.97 
2.257 16 0.4-0 0.96 
2.257 17 0.40 0.96 
2.240 1 0.38 0.94. 
2.240 2 0.50 1.06 
2.24.0 3 0.49 1.05 
2.222 12 0.70 1.26 
•2.222 13 0.55 1.11 
2.222 14. 0.59 1.15 
E = 102 ± 7 K. joules. mole 
log A = 12.4. ± 1.7 (13.0 1.8 for 'ads site area' plot) 
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Results of Product Ana1ysi. 
Tables 10, 31, 12 and 13 give values of the relative peak 
heights of carbon monoxide, carbon dioxide and hydrogen together 
with 002/ CO and CO/ H2  ratios, calculated by the procedure given 
above, as a function of time for catalysts, x = 0.16, 0.38 9, 0.66 
and 0.73 at 165*0, 202 °C, 204C and 167 0C respectively, as shown 
In graphs 5(a-09 6(a-c), 7(a-c) and 8(a-c). 
Results of product analysis by mass spectrometric analysis 
and by pressure measurements are given in Tables 114 and 15 
respeótively. Initial product ratios represent analyses made at 
less than 10 % of total decomposition, whereas final product 
ratios represent analyses made when the reaction rate was 
virtually zero. 
In practically all cases (within the limits of experimental 
error), the 002/ co ratio was found to be independent of temperature 
for a given catalyst at a given/ decomposition. (see Table 114). 
The ratio was, however, dependent on percentage reaction and for 
a given set of conditions varied from one catalyst to another. In 
the majority of cases , an increase in 002/ CO ratio with extent 
of reaction was observed. The lack of evidence for the presence 
of the water-gas shift reaction clearly supports the view that 
this variation in 002, co  ratio is a property characteristic 
of the bronzes. The fact that the 002/ H2 ratios are anomalous 
In that their values are not unity, together with the variation 
-514W- 
with 	decomposition, indidates that varying quantities of 
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Table 10 
Product Ratios for Na0 . 15 W03 
• 	t. 	Inins. 
Peak Height Molar Ratios 
CO 
V 
CO2 H2 CO2/Co 
CQ2/ 
5 860 4.5 0 0.07 cc 
10 1,580 87 0 0.07 
20 2 9 650 162 0 0.08 CO 
30 3500 230 2 0.09 10 
4.0 4,150 288 5 0.09 69 
60 5,230 400 7 0.10 69 
80 6,090 .503 12 0.11 50 
100 6,870 603 15 0.12 48 
120 7,550 700 21 0.12 4.0 
14.0 8,220 794. 27 0.13 35 
160 8,800 890 31 0.14 35 
200 9,850 1,070 4.2 0.15 31 
24.0 10,680 1,250 52 0.16 29 
280 11,370 1,4.30 62 0.17 28 
-55.- 
Graph 6a 
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Table 11 
Product Ratios for Ns . 3 WO 3 
t. mins. 
Peak Height Molar Ratios 
CO c02  H2 CO2/co 
CO2, 
5 400 100 5 0.35 24 
10 700 160 10 0.31 19 
15 990 210 14 0.28 18 
20 1,240 260 19 0.28 17 
30 1,74.0 350 25 0.27 17 
40 2,200 4.30 30 0.26 17 
50 2,610 510 35 0.26 18 
60 3,010 570 4.2 0.25 16 
70 3,370 60• 9 0.25 16 
80 3,610 690 56 0.26 15 
100 4,320 78b 69 0.21 14 
120 4.,870 870 76 0.24 14. 
140 5,34.0 950 81 0.2 4. 14 
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Product Ratios for Na0 . 68 1,103 
t. miiis.  




5 39 18 3 0.62 7.2 
10 79 34. 9 0.58 4.5 
20 153 67 18 0.58 4,5 
30 213 99 28 0.62 4.2 
40 264. 129 37 0.65 4.2 
60 357 189 56 0.71 4.0 
80 4.37 24.8 74. 076 4.0 
100 511 310 93 0.81 4.0 
120 576 367 111 0.85 4.0 
160 700 173 145 0.91 3.9 
200 805 571 176 0.95 3.9 
24.0 987 669 205 1.00 3.9 
280 975 767 230 1.06 4.0 
320 1,038 864. 255 1.12 4.1 
-57- 
Graph 8a 
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Product Ratics for Na 7 .3 
t. mine.  
Peak Heights Molar Ratios 
CO CO3 H3 CO2 /CO 00 /H 
5 50 220 60 5.9 4.4 
10 73 410 110 7,5 4.5 
15 103 590 160 7.7 4.4 
20 130 780 210 8.0 4.5 
25 150 960 260 8.6 4.4 
30 173 1030.: 310 8.8 4.4 
40 200 1,470 4.10 9.8 4.3 
50 223 1,620 500 11 4.4 
.60 260 2,160 600 11 4.3 
70 277 2,500 700 12 4.3 
80 303 2,840 790 13 4.3 
100 333 3,530 990 14 4.3 
120 373 4,220 1,190 15 4.3 
140 403 4,910 1,380 16 4.3 
160 440 5,600 1,580 17 4.) 
Table 14. 
Product Analysis by Mass Spectrometer Measurements 
Temperature 1CO2,CO1 [ COa/H 21 Catalyst 
CC Initial 	Final Initial 	Final 
W03 170 0 0 
00 
220 0 0 00 
Na0 . 11 W03 170 0.1 0.1 DO 8 
185 0 0.1 00 5 
195 (0.1 0.1 4 
Na0 . 16 W03 165 < 0.1 0.2 20 
202 0.1 0.1 00 16 
Na0 . 20 W03 180 0.2 0.3 28 
200 0.1 0.2 30 12 
212 0.2 0.3 60 25 
N80 ISSWO3 202 0.3 0.2 34 16 
212 0.3 0.2 28 13 
225 0.14. 0.2 24 12 
-59-. 
Table 14, (contd.) 
Temperature [c02 /CO) [C'02/) 
Catalyst 
CC Initial 	Final Initial 	Final 
Na0 . 63 W03 






215 0.2 0.4, 2.0 3.5 
218 0.1 0.2 2.4 4 
234 0.1 0.5 6 5 
Na0.60W03 192 0.2 0.4 20 6 
202 0.1 0.3 00 5 
210 0.1 0.3 9 6 
185 0,3 0.9 2.8 4. 
204 0.6 1.3 7.2 3.5 
167 1.6 8 3.3 4.2 
200 4.7 )10 6.3 4.7 
212 6 )iO 4.4 4 
Na3..77 W03 196 0.8 16 4.5 4 
210 0.7 1.5 5 4, 
Na0 . 81 W03 173 5.3 3.8 14 5 
200 )10 4.4 40 6 
-60- 
Table 15  
Product Analysis by Pressure Measurement 
Denotes first run 
Catalyst Temperature Reaction (CO3/co) 
CC 
W03 151.8 18.0 0 
156 15.3 0 
165.7 10.2 0 
166 8.4 0 
172 11.3 0 
180.4 28 0 
173.8 11.9 0.2 
180 9.7 0.1 
185.2 12.4 0.2 
197.4 12.5 0.2 
197.4 13 0.2 
210 38 0.3 
NO* -18W03 159 6.9 0 
159 25 0.1 
165.2 14.3 0 
165.2 28 0.1 
173.2 10.1 0 
173.2 31 0.1 
202.? 16 0 
N80 . 28 W03 178.8 11 0 
180.2 10.2 0.2 
180.7 10.9 0.4 
180.7 11 0.1 
186.8 11.5 0 
196.1 10.5 0 
w 223 18.8 0.3 
223 34 0.4 
226 9.5 0.3 
234* 32.2k 0.1 
242 31.6 0.2 
-62- 
Table 15 (contd.) 
-- 
Catalyat Temperature Reaction ICO2 /Col 
N 0 . 38 W03 190.8's 911 0.4 
190.8 9.3 0.4 
196.5 11.1 0.3 
196.5 12 0.3 
206 39 0.3 
206 .40.6 0.4 
Na0 -is  W09 188.3 11.7 0.2 
8.9 0.1 
199.8 9.7 0.2 
202.5 9.8 0.2 
217.5 29.8 0.2 
224. 4.57 0,5 
225 31.4 04 
24.0 29.8 0.3 
24.2.5 42 0.3 
Na0 Go W03  202.2 7 0.2 
202.2 61. 0.5 
208.5 11.9 0.2 
208.5 60.7 0.5 
215.2 10.3 0.1 
215.2 75 0.6 
215.2 82 0.6 
223 11.7 0.2 
223 74. 0.6 
227.9 12.2 0.2 
-63-. 




Temperature % Reaction f02/Col 
Na0 . 66 WO3 202.1 k 66 11 
212.2 14 0.7 
223.1 26.5 0.8 
231.8 38 1.0 
238.8 46.4 0.9 
Na0 . 73 W03 178.5 13.1 2.3 
181 21.8 1.9 
182 24.5 24 
189 20.7 2.0 
200 18.6 1.7 
201 87 1.5 
205 25.5 1.8 
190 55.3 1.2 
210 60 1.5 
218.2 16.7 1.4- 
218.2 61.6 0.7 
229.8 17.3 1.0 
229.8 18.4. 0.8 
237 60.2 1.5 
Na0 . 01 W03 215 14.2 7,3 
2.18 563 2.2 
2.27 38 1.9 
2.27 77.4 3.5 
236.5 53.2 2.0 
246.4 38.3 1.5 
Na0. 85 W03 182 67 25 
183.2 20.2 2.4. 
192.4 76 2.5 
193 21.8 2.3 
194.7 25.2 2.1 
217.2 38.5 24. 
-64.- 
Table 15 (contd.) 
(b) For Catalysts subjected to Oxygen Pretreatment 
+ Denotes subsequent runs on catalysts 
without further oxygen pretreatment. 
Catalyst Temperature Reaction [CO2/C0] 
189.2 41. 	- 0.5 
Na0.11W03 189.2 41.8 0.5 
189.2+ 11 0.2 
189.2 6.9 0.1 
189.2+ 5.9 0.1 
189.2+ 7.9 0 
189.2+ 60 0.2 
189.2 16.3 0.1 
• 189.2 17.4. 0.2 
196.4. 7.3 0.2 
214 7,3 0.1 
214 63 0.4. 
220 12 0.2 
• 228.3 14.8 0.1 
228.3 56 0.4 
N90 . 38 W03 195 10.2 0 
195 35 0 
210 7.6 0 
210 26 0 
210+ 20 0 
Na0.77W03 190 11.3 0 
211 25 0 
211+ 33 0 
221+ 36 0 
-65- 
Table 16 gives the activation energy, log frequency factor, 
activities calculated at a fixed rate of 0.00016 mci. per cube 
face area, per sec. (or mol. per adsorption site area, per sec.) 
together with the initial and final 002/ Co ratio for the series. 
Graphs 9 ond 10 give the activation energy pattern and log 
frequency factor pattern respectively. 
The presence of a compensation effect (ioo) has been shown 
in graph II. 
The activities used in the activity pattern of graph 12 
have been calculated by defining activity as 1 3/ Ts where Ts is 
the temperature required to give a fixed rate of 0,00016 mci. per 
cube face area, per see, (or mel, per ads, site area. per see.) 
This method of defining activity, adopted by Fahrenfort (106), 
is more reasonable than calculating the rates of reaction at a 
fixed temperature, since the latter would involve extrapolation 
over a wide range. In the prcsen.t work to obtain relative 
activities, as defined above, little extrapolation of the 
1rrhcnius plots was required. 
Graphs 13 and 14 show the individual contributions of the 
d.ehydrogenation and dehydration reactions to the total activity. 
Those were calculated using the assumption that the ratio 
CO21/ Co is a measure of the ratio Dehydrogenation/ Dehydration. 
For example, if the ratio 002/ co = x, then: 
IM 
the dehydrogenation component 	= x X 10 3/ Ta g, whereas the 
the dehydration component = 	1 	- x iOI Ts. Both initial 
and final CO2/ CO ratios were used. 
1 X I 
value 
• 	 E 
I.. joules mole-' 
CO2,C 
o Based on 'Cubic face Area' results Based on 'ads site area' results 
Initial Pinal log A - log A 103 /TS 
0 138 0 0 17.8 2.286 18.2 2.321 
0.il 111.4. ( 0.1 0.2 13.1 2.131 13.7 2.238 
0.IC 102 ( 0.1 0.2 12.4. 2006 13.0 2.211 
C.28 98.2 0.1 0.3 12.4 2.073 12.8 2.152 
0.38 68.8 0.4. 0.2 8.5 2.033 9.1 2.200 
r.52 83 0.1 0.5 10.1 2.05 10.7 2.177 
95 01 0.6 11.3 2.032 11.8 2.133 
0.6. 6702 0.3 1.3 8.9 2.195 9.0 2.228 
0.73 68.6 2 )10 9.2 2.209 9.5 2.269 
0.77 73.2 1.0 1.6 9.5 2.146 9.7 2.215 
1b. 81 85 '>10 4. 10.3 2.02.. 10.7 2.131 
63.6 2.0 2.5 8.6 2.216 8.9 2.295 
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These were carried out in the cell illustrated in figure 10. 
This cell was connected to a high vacuum system. 
The sample was contained in a ground glass cup between two 
platinum foil electrodes, one resting on the floor of the cup, 
the other on top of the smple. A cylindrical 242 gni brass weight, 
sealed within a glass sheath, was allowed to rest upon the upper 
platinum electrode to ensure good electrical contact, and was 
contained, within another glass sheath suspended from a glass 
hook, non-rigidly attached to the top of the coil. Two platinum 
wires, one through a hole in the base of the cup, the other 
connected to the upper electrode by way of a gold seal, served 
as electrical connections to a couple of tungsten leads. These 
provided external electrical contacts via glass metal seals. 
Easy access to the sample was made possible using a detachable 
outer tube and a water cooled joint. A glass spiral gauge 
connected to the cell allowed, the pressure of any gas in the 
cell to be measured. 
As with the Kinetics set-up, the pumping system consisted 
of a mercury diffusion pump backed by a speedivac, rotary pump and 
gave pressures <1x10 5 ram Hg, measured on a McLeod gauge. A 
liq,uid nitrogen trap was used to prevent contaminants from 
entering the cell. The temperature of the conductivity cell was 
controlled to within + 0.2 °C by means of an electrically heated 
furnace and electronic relays 
A.C. (1592) and D.C. resistance measurements were made with 
ft 
e. Wayne-Kerr Universal Bridge, B. 221 A, cnd a Universal Avometer 
(Model 8.) respectively. 
-70— 
Experimental Procedure. 
Approximately 1.8 gm catalyst was placedin the conductivity 
cell and the apparatus assembled. After noting the resistance of 
the sample in air at room temperature, the cell was evacuated 
to 1x10 5 mm Hg, the resistance measured again, and the 
temperature raised slowly to approximately 500C. Resistance 
measurements were taken at convenient intervals at known 
temperatures. Graphs 15 -18  inclusive, show typical examples of 
the results obtained for all samples studied. A. short point of 
procedure, explaining the function of the curves has been 
included after the appropriate graph. 
Thereafter, formic acid was admitted to the cell, to a 
pressure of 25-30  mm Hg and a study of the change of resistance-
with time rade. With the exception of W0 3 , which showed a marked 
rise in resistance in the presence of formic acid, little change 
in resistance was observed, for those catalysts studied. In the 
main., measurements were comfSiea to temperatures at which the 
decomposition reaction Cccurred4 Tables 17 arid 18 and graphs 19 
and 20 i1lutrate the change in resistance during the decomposition 
reaction. Similar studies carried out in the presence of the 
individual, product gases exhibited no visible change in resistance 
with time. 
After the above measurements, samples were degassed at 500 °C 
overnight and then exposed to oxygen at a pressure of "-^150 mm Hg 
at 360e  C, 400 C, 450 C for Nno. 11W03 , a0 38W03 and ""0 .77'03 
respectively, and the increase of resistance with time noted. 
Subsequent evacuation after a reaction span of12 hours, was 
followed immediately by exposure to formic acid at temperatures 
both greater and less than that just sufficient to promote the 
decomposition reaction. For catalysts with x> 0.11, the original 
low resistance could not be recovered either by degassing at 
500C or by repeated addition of formic acid at decomposition 
temperatures. In fact, eventual recovery was only possible after 
continued roasting in formic acid at 500 0C. X—ray diffraction 
traces carried out on samples pretreated in oxygen showed that 
a complete reorganisation of the crystal structure had occurred, 
for those 8,m-pies with. x.> 0, 11. However, for W0 3 and Nc0 11W03 , 
original resistances could be recovered, although slowly, 
without having to resort to this high temperature formic acid 
treatment. 
Tables 19 and 20 and graphs 21 and 22 (r. and b) show typical 
examples for the change in resistance with time for Na0 11W03 
upon exposure to oxygen and formic acid respectively. From the 
curves, it can be seen that there is a linear dependence of 
resistance with time far oxygen adsorption., and an approximately 
exponential decrease, with first order kinetics being followed 
initially on subsequent exposure to formic acid.. 
In all cases, the wide spread of points for rate of change 
of resistance - KIT/b 3 plots made it virtually impossible to 
obtain even an estimate of the activation energy for oxygen 
-72— 
adsorption, 
Whenever possible simultaneous A.C. and D.C. measurements 
of resistance were made; the limiting factor being the difficulty 
of measuring values of rcsistance<lObby the A.C. method. 
Although of less importance to the present study, it 
should be noted that a rapid fall in resistance was observed on 
formic acid admission to oxygen pretreated samples with x>O.fl., 
at temperatures gust sufficient to promote the decomposition 
reaction. At lower temperatures, only very slow initial falls in 
resistance were obsercd. In spite of the fact that x—ray 
diffraction traces indicated that complete reorganisation of 
the crstai lattices had occurred, awareness of this rapid fall 
in resistance might be, qualitatively very useful in understanding 
the actual surface processes occurring immediately upon 
admission of formic acid. 
Analysis of Resistance Measurements. 
Such a procedure outlined above cannot be used to 
cleteriminc absolute conductivities. It can, however, be used to 
obtain a measure of the relative rates of change of resistance 
since this is independent of the size of the sample and the area 
of contact. This also precludes the making of accurate 
conclusions as to the actual component conduction processes, so 
that only the total conductivity may be obtained for any one 
sample. 
Graph IS. 
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Letters .A.-E on graph 15 9 have been introduced to explain 
the function of graphs 15-1-8 
Mter introduction of the sample to the conductivity cell, 
the cell was outgassed at a pressure of 10 5 mm Hg for './120 hours, 
during which tinie the resistance was observed to decrease from 
"1300 ohms to "90 Obm8 (poin ). 
On subsequently raising and lowering the temperature, 
whilst maintaining the pressure constant, the resistance was then 
found to decrease to points B and C respectively. Thereafter, an 
alternatively raising and lowering the temperatu, the sequence 
D.-B-B and B-E-D was followed. 
Graph 19. 
Resistance/ Time Curve For WO.. 
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Example of Resistance/Time Plot for Formic Acid 
Decomposition on WO at 250°C 

















Example of Resistance/Time Plot for Formic Acid 
Decomposition on ft - i i WOn at 200 °C 


























Graph 21.  
Resistance/ Time Plot For. Oxygen Adsorption 
On Na WO 
Table 19 
Example of Resistance/Time Plot for Oxygen 
Adsorption on Na0 . 1 WOq at 375°C 







































Graph 22 b 
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Table 20 
Examples of Resistance and log Resistance/Time Plots for 
Formic Acid Decomposition on Oxygen Pretreated NaO. 11W03 
Time Resistance x 103 log 	 Resistance 
0 74.0 13.5 1 
/4 74-0 13.51 
/2 780 13.57 
1 720 13.49 
1'/2 9..0 13.34 
2 4.90 13.20 
3 4.05 13.01 
4. 345 12.85 
5 295 12.75 
6 247 12.60 
7 222 12.42 
8 191 12.31 
9 172 12.16 
10 157 12.06 
12 132 11.96 
14. 114 11.79 
16 99 11.64 
18 88 11.50 
20 81 11.39 
22 74 11.30 




The sodium tungsten bronzes, NaV1O3, where as x varies 
there are pronounced changes in electrical properties with only 
minor changes in crystal structure, would appear to constitute 
a favourable subject of study in relation to the electronic 
theory of catalysis (107). 
With this in mind, it was decided to carry out a thorough 
Investigation of the formic acid decomposition reaction on these 
compounds. This reaction is especially suited to a study of the 
electronic factor in that it involves only one molecular species, 
the rate of decomposition being followed easily by pressure 
measurements, and since it is catalysed by a wide range of oxides 
and metals (93). 
In order to examine the value of 'using these compounds for 
a study of this nature, an attempt will be made to explain the 
observed results in terms of a model (as far as electronic 
properties are concerned) constructed from an appraisal of 
researches by Sienko and Crowder (12,6i) Mackintosh (62) 3, and 
particularly by Fuchs (63), Owing to the large degree of 
uncertainty, necessarily incurred when working with catalytic 
reactors, the proposed model will, in general, be less sophisticated 
than any one of these approaches. 
The earlier view (43), that non stoichiomietric oxides 
contained mixtures of several oxidation states has now been 
Fig II 
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superceded in the alkali tungsten bronzes by replacing the 
hypothetical pentavalent tungsten in%M* 1O(1-X) W0 3 by a 
degenerate 'electron g3 formed from the valence electrons of 
ionised. M atone in MxVi 03. 
To explain the formation of this degenerate 'electron gas', 
Sieriko and Crowder (12, 61), Mackintosh (62) and Fuchs (63) have 
each in turn, adopted essentially covalent models based on the 
Molecular Orbital theory, in which the common feature is that 
each sodium atom contributes one electron to a conduction band. 
Sienko (12, 61) and Mackintosh (62) adopted models in which the 
conduction band was derived by overlap of tungsten 5d(t2g) and 
sodium p atomic orbitals respectively, whereas Fuchs postulated 
that clusters of sodium atoms may occur in the bronzes. 
Fuchs's model may be explained with the aid of figure Ii (a 
and b), which shows a model, of NaW03 at twol values of x. Here 
electrons would be localised more diffusely so that they would 
extend over the tungsten and oxygen ions next to the sodium ions. 
It is perhaps, important to note in this model that the conduction 
electrons avoid the sodium vacancies, being concentrated in 
regions of occupied sodium sites. It should be observed that the 
clusters erroneously appear finite in figure 11 (a and b) only 
because a single atomic plane is shown in each case. On the basis 
of this approach, he was able to explain, the changeover from a 
metallic to seiconducting state at xO.25 (figure 5) (78), and 
not at xO.3l as predicted by Sykes and Essain (108). In so doing, 
I on 
he was able to invalidate the earlier suggestion by Sienko and 
Mackintosh of an explanation based on Mott's theory for the 
disappearance of metallic conductivity at x0.25. Mott'a theory 
(81) requires that there be a uniform electron density within the 
system, a condition most unlikely for the sodium bronzes in which 
the electron gas is highly non uniform. 
From. their measurements of the spin-lattice relaxation times 
for the 2 a resonance, Promhold and Narath (76) were able to 
dedUce that there was a serious deviation from randomness in 
samples with x between 0.56 and 0.89, providing further support for 
the presence of clusters of sodium atoms, With the aid of this 
information, Fuchs was able to explain the earlier support, both 
for (24-5, 82) and against (60) the presence of an ordered 
structure at x'0,75, whilst at the same time providing an 
explanation for the observation, by farotsohke (82) that the 
minimum in resistivity was much less than is customaiiy associated 
with such ordered. structures. The serious deviation from 
randomness, leading to a system neither wholly, ordered nor random 
in nature would result in a partially ordered structure, with a 
broader minimum in resistivity, extending from x0,6 to 0.9. 
Finally, this picture is able to explain the obserVations 
(83-4) that the density of states, and hence the number of 
conduction electrons, is proportional to the sodium concentration 
x over the range 0.5<x( 0,9. This can be explained using figure 11 
(a and b) and taking into account the various possible arrangements 
-81- 
of filled sodium sites in this figure d It can be seen, at some 
critical value of x, that a continuous conduction process will 
come into operation, with each filled sodium site having at least 
one other as nearest neighbour, a result leading to an unlimited 
sphere of movement, excltdihg of course, sodium vacancies, for any 
one arbitrarily chosen conduction electron. 
In order to be of use in the present study, the picture 
outined above has to be modified to take account of the oxygen 
deficiencies, introduced by vacuum heat treatment, This effect, 
referred to by Crowder and Sienko (37, 61), Der6n and Polaczkowa 
(90) and others (45, 49, 91) as a result of studies on the 
electronic properties of tungsten trioxide., loads to a rapid 
increase in conductivity, with the final, attainment of a 'si 
metallic' state. It would now appear that, under vacuum conditions, 
a changeover from mc; tall ic-serniconductar properties, earlier 
thought to take place at x0.25, may occur at much lower values 
of x, or indeed may mover occur at all. However, this in itself 
does not necessarily invalidate the postulates of Fuchs (63) 
and ethers (12 2 61-3), foriiiuiated with the aid of Mutt's theory 
(81) for mctrtl-semicord.uctor transitions. That the electrical 
properties of samples of W0 3 in vacua are qualitatively different 
to the corresponding properties before such treatment, has been 
demonstrated  by Sicnko and Crowder (37,61).. 
Those workers, observing that the effects were reversible, 
pointed out that the Impurities responsible for the electrical 
conductivity of W0 3 in air, were not due to oxygen deficiencies. 
A quantitative measure of this effect has been made by Kud.rak 
and Sienko (91), who were able to show that each missing oxygen 
atom. was equivalent to the presence of two alkali atoms. This 
equivalence of oxygen defect and alkali metal in the W03 system 
has been further demonstrated by Sienko and Baneree (L.5), by 
the fact that the magnetic behavi1r as a function of x is the 
same in 	as in Mx W03 , 
It is thus imperative to appreiciate.1 that without exception, 
lxLeasureraents of the electrical properties of tungsten trioxide 
and the sodium bronzes have provided, unavoidably, measures of 
the total. conductivity, it being virtually impossible, practically, 
to gain a better understanding of the actual component conduction 
processes within these compounds. Hence, whereas the available 
data, both past (37, 45949,61, 90-1) and present, point to the 
attainment of a'Quasi metallic' state under vacuo., this may in 
fact only refer to structurally defined boundaries within the 
crystal lattice, the overall effect misleadingly giving an 
o;versimplified view of the conduction processes actually 
involved. 
The results obtained in the present study from measurements 
of the change in resistance with temperature (and time) under 
vacuo (graphs 15-8, inclusive) are in agreement with those of 
Der621 and Polaczkowa (90). All samples studied, rapidly became 
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highly conducting and without exception, exhibited positive 
thermal coefficients of resistivity, consistent with metallic 
behaviour. W0 3 and to a lesser extent N,-0.2.a Wo 39 
 were also seen 
to exhibit semiconducting behaviour, the transition from a 
semiconducting to a metallic state occurring at'-'250°tJ and ilOO 
retively. 
The marked increase in the resistance of W03 in the presence 
of formic acid. (gapb 19) would appear to provide support for 
those workers (93, 95) favouring the presence of a negatively 
charged formatc ion as surface intermediate, especially since no 
appreciablc change in resistance was observed in the presence of 
the individual product gases. Vthcthcr this is a complete or 
partial transfer of an electron leading either to the presence 
of an ionic (109) or covalent (110)Aon the surface is of course 
very much open to speculation, more especially because of the 
absence of suitable comparisons with analogous bulk formates, 
used so effectively by other workers (ioo, iii). If instead of 
alternatively heating and cooling under vacuo, samples were 
exposed to formic acid, the trend towards rA highly conducting 
state was facilitated., in accord with the observations by Rabes 
and Schenk (92),  that formic acid, a strong reducing agent 
quickly reduces the parent oxide W0 3. The strong reducing nature 
of formic acid may also be the cause of the immediate rapid fall 
in resistance observed when samples, having undergone 
pretreatment in oxygen, are exposed to this acid. 
A further interesting feature in this section was provided 
by the increasing resistance to oxidation through the series, 
temperatures of 360"C, L.00'O and 45C1"C being required by 
NäQ]J\1O
3s
pNa0 38W03 and Na0 77W0 3 to initiate reaction with 
oxygen. These temperatures are the minimum ones at which any 
appr$cciable change in, resistance was observed, and compare 
favourably with the results of Balandin and Soko]Lovct (13), using 
sodium bronzes prepared by reduction of the paratungatate. 
In addition to conductivity measurements, x-ray diffradtion, 
magnetic susceptibility and electron spin resonance measurements 
were carried out on samples prepared for this work. It was 
established that the sodium bronzes used in this investigation, 
were analogous to those prepared by earlier workers (14-37) 
(Tables 1 and 2), following the same linear relationship 
(Vegard's law) as that outlined, by Struumanis (39). Diffraction 
traces curried out on bronzes with x values between 0.3 and 0.49 
indicated that either a cubic phase or both cubic and tetragonal 
phases could exist in this region, depending upon the rate of 
ttnea1ing during preparation. This is in agreement with the 
observations by Mali (20) and Ribnick, Poet and Banks (32) 
that quenched samples around Na0 35V/0 3 may be cubic, while 
slowly annealed samples would consist of both tetragonal and 
cubic phases together. 
Results from magnetic susceptibility work (Table L) are in 
close agreement with those of earlier workers (43245950,58976983) 
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and. strongly suggest that a model based on delocalised electrons 
is more appropriate for describing the tungsten oxides than is 
the more traditional mixed oxidation state model. The results 
for pretreated samples, with the exception of tungsten trioxide, 
exhibited little difference to those carried out under normal 
conditions. The cbserved alight decrease in the specific 
susceptibilities may be attributed to some reorganisation of 
the surface, contributing to a slightly increased diamagnetism. 
The increase observed for tungsten trioxide may be interpreted 
in terms of a reduction in surface oxygen leading to small 
centres of pentavalent tungsten (43). 
Finally electroti spin resonance studies are consistent 
with those of Sienko and OsterrelOher (112), who supplemented an 
infra red study with e.s.r, measurements of the hydrogen tungsten 
bronzes, ;W03 ( 0 .5>x) 0.03), prepared in the absence of air 
and maintained under vacuum. That these were analogs of the more 
commonly known sodium bronzes was shown by the presence of a 
band in the region usually associated with the metal-H deformation 
motions ( 690 cm') and the absence of any hydroxyl frequencies 
in the I.R. spectrum. With one notable exception, H010W0 31'  which 
gave a broad asymmetric absorption of g value'-'1.97, they failed 
to obtain any detectable signal for those samples studied. This 
they attributed to the high values of x, which would preclude 
penetration of the microwave power to a finite portion of the 
sample, or to a too low concentration of spins with less 
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concentrated specimens. The absence of any signal in the range 
g = 1.4-1.79 characteristic of W(V) provides additional support 
for the presence of a de]Localised electron gas in these 
compounds. The presence of a signal at g"-i.6 for pretreated 
W039' provides farther support for the conductivity and magnetic 
susceptibility data whiöh was consistent with the presence of 
pentavalent tungsten an the surface. 
When attempting to assess the catalytic activities of 
substances using a test reaction, it is desirable that either 
the rnehariism of the reaction, is already understood or that 
during investigation an effort is made to elucidate the 
mechanism. It is with this in mind that an attempt will bc made 
to outline certain relevant features of the formic acid 
decomposition reaction with regard to the present study, whilst 
referring one to other, more comprehensive texts (93), for a 
more detailed study of this reaction. Of greater importance, 
will be the use of this tte att reaction to gain an understanding 
of the observed catalytic properties of the sodium bronzes, 
whilst at the same time attempting to explain these observations 
in terms of the proposed model. 
As has already been referred to, formic acid may decompose 
either by dehydration to yield carbon monoxide and water, or by 
dehydrogenation to yield carbon dioxide and hydrogen. On some 
catalysts both reactions occur. In the absence of surfaces 
exhibiting acidic properties, the formic acid decomposition 
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reaction has been shown (93-5 ) to proceed via a formate ion as 
surface intermediate. For a more detailed account of the mechanism, 
reference should be made to the first chapter of this text. 
In their study of the ortho-para hydrogen con:version and 
hydrogen-.deuterium exchange reactions, Jones and Loebh. (85), 
using bronzes with 0,30<x< 0.98 9 were able to show that their 
results could be correlated with the electronic properties of 
the bronzes. 
They observed that the marked dependence of the rate 
constant and the pre-exponential factor on composition, passing 
through a maximum at x%-- 0.70., closely paralleled the maximum in 
electrical conductivity reported for these samples (24-5, 82). 
This relationship is shown in figure 12, where both rate constant 
per. unit, area, and conductivity are plotted as a function of 
bronze composition. Conductivities were calculated from the data 
of Brown and Banks (25). 
Of additional interest was the observed independence of the 
activation energy for the para hydrogen conversion on composition, 
being close to the gas phase value of 6 K culs/ mol. 
Closer inspection of these results revealed that the 
desorption: adsorption rate constant ratio was largely responsible 
for the maximum in activity at x0.7. They propounded that if 
hydrogen is present on the surface as adsorbed ions cnd. 
IMM 
neutralisation is necessary before desorption can occur, then 
the enhanced desorption rate can be interpreted as an enhanced 
accessibility of conduction electrons from the solid.. 
Alternatively, if the diffusion of hydrogen atoms along the 
surface prior to desorption is rate determinin, enhanced 
electrical conductivity should lead to greater mobility of 
adsorbed atoms and an increased rate of desorption. 
The observations that the bronzes underwent an tAetjyatiOfl 
process' In hydrogen, they attributed to the 1own fact that oxide 
catalysts require an adaptation period in the presence of 
reactant gas before obtaining reproducible results. Stone (113) 
has explained this activation process as a gradual enrichment 
of the surface layers with interstitial metal cations. Such. a 
process would appear to be too permanent to explain the rapid 
reversible deactivation which occurs when hydrogen is removed 
from the sodium bronzes, or the irreversible poisoning when 
oxygen is admitted to the activated surface. They proposed that 
a more acceptable explanation would be that the activation 
process consists of diffusion of hydrogen into the lattice to 
alter the electronic properties of the surface and several 
adncent layers. Accepting this, they recoised that the 
conversion necessarily still had to occur predominantly on the 
surface owing to the slow diffusion of hydrogen out of the 
lattice. Irreversible oxygen poisoning could then result if 
oxygen atoms were allowed to diffuse into the hydrogenated 
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ltttice to form H20 or OH trapped in interstitial positions. 
These findings provide a more than useful baei3 from which 
some of the observed features.ot the present study may be 
explained ddnid.eration of Stone's (113) èxpianatiôn 'of". the 
activation prodess in terms of a gxadual enrichment of the 
surface layers, leads to the query as to why the samples used in 
this 8 2dy, underwent much more rapid adaptation prior to 
obtaining reproducible results; for example, whereas the samples 
used by Jones and Loebh (85) thderwent slow activation, the 
process lasting approximately 5 days, thoSe used in this work 
attained this very same condition after only 1-2 days. This 
question may be suitably answered by inspection of the various 
adsorption processes involved. it has already been established 
that formic acid is adsorbed as a formate ion srecies,  whether 
or not this is in fact completely ionic or just dipolar in 
nature is immaterial, the important feature being that this 
intermediate will at some stage decompose, yielding among other 
things, hydrogen, initially in the form of atoms but later 
desorbed as the molecular species. As is well Imown, hydrogen 
atoms have much greater reducing powers than molecular hydrogen 
and hence must be a major contributor to the known strong 
reducing action of formic acid. This is further bo*rnØ out by 
the conductivity data for pretreated samples, for which it was 
observed that only carbon monoxide and hydrogen, of the product 
gases, were able to lower the resistance to any appreciable 
extent, with the overa11 rate of change of resistance being a 
thousandfold slower than that observed for formic acid. It 
would thus be expected that the adsorption of molecular hydrogen, 
in the form used by Jones and tdebh (85), would lack the 
necessary reducing power to effect as rapid an activation as that 
outlined above.- 
This factor could also explain the irreversible loss of 
activity, experienced by Jones and Loebh (85), on exposure to 
air (22 x lO ram..  Hg) at temperatures as lOw as 175C. Since 
in the present study, activities could easily be recovered after 
exposure to oxygen at similar low pressures and terni..eraturea, 
(the 'irreversible deactivation' only recurred., for values of 
X )Ofl, at tcmperature3 in excess of 350 0C, depending upon 
the sodium content), further support Is provided for the opinion 
that molecular hydrogen lacks the necessary reducing action, to 
rejuvenate the surface of the bronzes used by Jones and Loebh. 
Whether or not this activity (85) • could have been recovered with 
the aid of formic acid, will, it would seem, remain a matter for 
seculation, 
If one is able to accept the view of the majority of 
workers (93) that the dehydrogenation reaction Is a measure of 
metallic character, then It can be seen-that there is a striking 
resemblance between graph 13 9 representing the individual 
contribution of the dehydrogenation reaction to the overall 
activity, and figure 12, representing the electrical conductivity. 
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The maximum occurring at x073, whilst consistent with the 
maximum in conductivity, postulated by various workers (24-5, 82) 9 
does not necessarily conflict with the evidence by Juretschke 
(82), in support of Fuchs's picture (63) of a broad maximum in 
conductivity, extending from x-04,6 to 0.9. This may be compared 
with the sudden changeover in selectivity, with a preference for 
the dehydrogenation reaction, occurring at x 0.66 1, and continuing 
for the remaining, higher members of the series. 
Conversely, accepting that the dehydration reaction is 
inversely proportional to metallic character, it can be seen 
that there is also a close analogy between the results obtained 
for the dehydration component of the total activity in the 
present study, shown in graph li-i., and those of Balandin and 
Sokolova (13) on the decomposition of isopropyl alcohol and 
ethanol, using bronzes prepared by reduction of sodium 
paratungatate. These workers observed that the dehydrating 
power of the bronzes was less than that of W03 or the unreduced 
paratungstate, and also that it decreased with increased degree 
of reduction, becoming almost zero in the case of the most 
completely reduced orange-yellow bronze (x = 0.91). In addition, 
an appr/eciable increase in activity, to a value of the order 
of that observed for the original paratungstate, was observed for 
all bronzes studied, after pretreatment in oxygen in an analogous 
manner to that adopted in this work. These results, comparing 
favourably with the trend observed in the present stu&y, they 
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attributed to oxidation of the bronzes. 
Preliminary investigation, by these workers, of the formic 
acid decomposition reaction in .a flow system on the orange-yellow 
bronze (x = 0,91) and the unreduced paratungetate, resulted in 
both dehydrogenation and dehydration, with a greater percentage 
of the latter reaction. Both catalysts promoted the decomposition 
in the same manner, yielding almost identical 002/ Co ratios, with 
the paratungstate being more active than the bronze. Of 
significance is the absence of any reference to any washing 
procedure, or surface area data for the samples used in their 
study. An explanation of their results may be understood by 
consideration of certain important features of the present study. 
For instance, the low 002/ Co ratios obtained prior to washing 
for the higher bronzes, may be accounted for by the presence of 
apprieciable quantities of unreacted W03 , Na2W04 and W on the 
surface of the unwashed bronzes. Further, the apparent lower, 
overall activity observed for the highe wlvr"shed bronzes, was 
fo'er 
compensated for by the muchspecific surface areas of these 
samples. 
In the comparison above of the present results with those 
of Balandin and Sokolov-a, no regard has been taken of the fact 
that all the bronzes used to establish graphs 13 and lL., 
representing dehydrogenation and dehydration respectively, were 
in a highly conducting state. It may therefore be profitless to 
attempt to correlate the observed dehydrogenation and dehydration 
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activity of the bronzes with conductivities (figure 12), 
determined under atmospheric conditions0 
Henceforth, an. attempt will be made to demonstrate how the 
results may also be interpreted using a mechanism based on the 
Muitiplet theory (86)  and analogous to that used by Balandin 
and Sokolova (1.3). In so doing, it will necessarfl.y illustrate 
how well the conductivity data are able to provide conclusive 
evidence for this latter mechanism, whilst at the same time 
ii1uatratn.g the suitability of both approaches. 
The extent of zero order reaction, which was found to 
increase from 7 -/,, (graph Li) for the lowest members of the 
series, to 30 (graph i) of total reaction for the highest 
members, may largely be accounted for by inspection of the 
CO2, 	product dlstx4bution ratios. For example, the sudden 
changeover from largely dehydrating to dehydrogenating activity, 
occuring at xO,6, closely parallels the marked increase in the 
extent of this linear relationship, the point of departure from 
zero order kinetics increasing from 12 °,' (graph 3) to 25 1 
of total reaction, as x increases from 0.6 to--0.66. This also 
corresponds to the broad minimum in resistivity, postulated by 
Fuchs to occur between x = 0.6 and 0.9. This increased 
conductivity may In some way facilitate the formation of a 
formate intermediate whose configuration may favour the 
dehydrogenation reaction. Earlier It was observed that only 
WIMIM 
water of the product gases, caused any appreciable retardation 
of the decomposition rate, whilst at the same time, adsorption 
experiments failed to detect any signifianct adsorption with any 
of these species. However, it should be pointed out that this 
retardation in the presence of water, only occurred to any large 
extent when appreciable quantities of water were present 
(pressure of HCOOH / pressure of H 2 O 1 in the reaction, system), 
80 that it would appear that inhibition by H 20 is not related to 
the sudden increase in the extent of zero order reaction. 
A more likely explanation may involve the formate 
intermediate or intermediates present on the surface. Should 
only one species be present, then this may undergo a change in 
configuration, tending to favour the dehydrogenation reaction 
at the expense of the dehydration reaction at some critical 
value of x. However, in the event of there being two opposing 
species, residing on the surface, then an exactly analogous 
situation may arise, except that in this case, the two species 
would still retain their individual character, An insight into 
this changeover, may, moreover, be gained from a scrutiny of 
the work by Jones and Loeb. (85), who explained the enhanced 
activity at x0.7, in terms of an activation process consisting 
of diffusion of hydrogen into the bronze lattice, resulting in an. 
alteration in the electronic properties of the surface and 
several adjacent layers. 
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Before any attempt is made to specify any one mechanism, 
consistent with the observed results, mention will be made of 
the other anomalies of the present study. These have included 
the dependence of the 002/ CO ratio on ;ercentage reaction; the 
002/ H2 ratios which are substantially greater than unity and 
the absence of any water-gas shift reaction. 
The increase in 002/ co ratio (graphs 5b-8b) with 
percentage reaction, observed for the majority of catalysts 
used in the present study, has also been refbrred to by Mars, 
Schoiterm. and twieteritig (93) for oxide catalysts. These workers, 
carrying out an infra red study of the decomposition on MgO, an 
essentially dehydrogenating oxide, were able to show that the 
intensity of the -OH bands decreased more rapidly than the 
other bands, in agreement with their observations of an initial 
rapid format ion.of water.  
The 002/ 112 ratios, being substantially greater than unity 
are consistent with the view that apprieciable quantities of 
hydrogen are retained by' the surface. This affinity for hydrogen, 
already referred to by Jones and Loeb& (85), may be understood 
from the fact that hydrogen analogs of the sodium tungsten 
bronzes occur with alnio'st identical lattice parameters (13,112). 
Sienko and Osterreloher (112). have succeeded in preparing 
hydrogen tungsten bronzes, HXWO3 with 0.5 >x >0.03. Owing to 
the ready oxidation by air under normal conditions, these .were 
necessarily retained under vacuum. 	. 	. 	.. . 
Finally, 	the absence of any water-gas shift reaction is 
in keeping with the view of Mars (ilLi.) that zero order reactions, 
involving formic acid, result when species are quite strongly 
adsorbed onto the surface, sol that no favourable sites, with 
respect to this secondary process, arc left exposed on the surface. 
Consideration now of the mechanism postulated by Balaridin 
and Sokolova (13), and discussed in detail in the first chapter 
of this text, would seem. to indicate that an explanation of the 
present results In terms of this approach might be justified. 
The rapid trend towards the highly conducting state may serve 
to account for the similarity in activities, for the decomposition 
reaction (graph 12), through the series. ihereas, previously 
an explanation of the changing CO21 co ratio has been 
interpreted in terms of a purely electronic model, which has 
neglected the oxygen. vacancies and hence the high conducting 
nature of the whole series, it now appears that a mere acceptable 
picture of the mechanism would involve participation of the. 
various surface defects, due to both oxygen and sodium vacancies 
which are present throughout the series. Studies of the change of 
resistance with temperature (and time), magnetic susceptibi1ites 
and e,s.r 0 spectra of samples, the latter two more especially 
for W0 3 , have prc&ided conclusive evidence for the presence of 
the oxygen vacancies so necessary for this approach. Further 
evidence for the use of these oxygen vacancies has conic from 
adsorption experiments with formic acid. (Table 5), from which it 
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may be observed that the degree of adsorption of H000H was less 
on pretreated samples of W0 3 ad Na0 111703 than on the normal 
catalysts. 
Inspection of the results shown in Table 5, for the normal 
catalysts, reveals that the degree of adsorption of H000H for 
those members with x>060, is larger than that for the lower 
members in the series. This would seem to invalidate a mechanism 
based solely on one adsorbed formate species, as used by Balandin 
and Sokolova (13), because of the smaller number of the necessary 
adjacent sodium and oxygen vacancies, understandably present 
at higher sodium concentrations. Had only the one type of formate 
species been present, these adsorption experiments should have 
shown smaller degrees of adsorption of HCOOH on ascending the 
series. These results are, however, consistent with a mechanism 
involving the presence of two separate formate species on the 
surface. 
The close parallel between the results obtained for the 
dehydration component of the decomposition reaction (graph ui.) 
and those of Balandin and Sokolova (13) on the dehydration of 
isopropyl alcohol and ethanol, would seem to indicate that a 
mechanism involving the use of the adjacent sodium and oxygen 
vacancies would be justified. 
One may, therefore, picture the formation of a reaction 
intermediate of the following type:- 




Whether this involves a partial or complete transfer of 
electrons is, however, still very much in doubt (109,110). 
Measurements of the change in resistance of the wholly 
dehydrating catalyst W0 3 , in the presence of formic acid., have 
provided evidence for the transfer of electrons away from the 
catalyst. Similar measurements carried out on the bronzes have 
been less easily interpreted, little or no change in resistance 
being observed for all samples studied. The more easily 
distinguishable resistance change for W03, may, however, be a 
consequence of the greater density of adsorbed formic acid 
molecules on the surface, there being \A, 0.56 molecules of 
HCOOH/ cube face as opposed to'-o.23 molecules of H000H/ cube 
face with 1a011WO 3. It is also possible that the competing 
dehydration and dehydrogenation reactions give rise to 
oppositively charged formate ions on the surface. These would 
then cancel one another out, resulting in little or no 
observable change in the resistance of the bronzes. Another 
explanation for the possible absence of any distinct change in 
resistance, being observed for the mainly dehydrogenating 
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bronzes, may have been due to the ract that the bronzes were 
initially of very low resistance so that very little change 
would be expected. 
From consideration of the various molecular parameters, 
it can be seen that the adsorbed formic acid complex may adopt 
a configuration similar to that of the alcohol in figure 6. 
Although the (H'''O) distance in formic acid ("-2.0 A), is 
less than the corresponding distance in alcohols (.1-2.35 k), it 
Is to be expected that deformation will also play its part, with 
the (C''''H) and (010) distances in the activated complex 
being larger than in the normal molecule. This will increase 
the (i'''o) distance and thus make it closer to the bronze 
(Na' 1 0) distance of 2.74 A. •Furthmorc, on increasing the 
number of sodium defects in going from the hypothetical Na 1 0W03 
to those of lower x value, the W0 6 octahedra will be deformed, 
decreasing the lattice parameter from a = 3,86 in Na1 0W03 to 
r'.3.75 in W0 3 , so that the (Na''0) distance in the bronze 
will be closer to the (H" 'o) distance in formic acid. Thus it 
would be expected that the lower members would more easily 
facilitate the formation of the formate intermediate, since 
less strain will be involved in bringing the (H" ''o) distance 
closer to the (Na....0) distance in the bronze. This may also 
serve to explain the earlier departure from zero order kinetics 
observed for the lower members, since less deformation of the 
(o"'''o) and (li .... o) bonds will result in a more strongly 
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bound formatc species on the surface, so that there will be a 
greater possibility of poisoning the surface with respect to 
further reaction. It would appear, on the strength of the 
present results, that the breakdown of this intermediate is 
in fact the rate determining step in the decomposition. That 
any number of the available sodium vacancies may be used to 
form complexes of the above type has been demonstrated by 
the existence of hydrogen tungsten bronzes with x values as 
high as 0.5 (112). 
Before forwarding arguments, both for and against the 
possible sites available for the dehydrogenation component of 
the decomposition, it is impertive to note the apparent ease 
of reaction, with the departure from zero order kinetics 
occurring at a much later stage, when dehydrogenation is the 
major contributor to the overall decomposition, i.e. when 
x)0.60. The indications are therefore, that the dehydrogenation 
mechanism involves a formate intermediate, less strongly bound 
to the surface of the bronze. 
That this component is unlikely to proceed on filled 
sodium sites has been shown by 3habrowa (115), who demonstrated 
that sodium carbonate does not catalyse the decomposition of 
formic acidowing to the formation of a stable sodium formate. 
The most probable sites would appear to involve either the 
adjacent tungsten and oxygen filled sites or isolated tungsten 
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atomg, using the mechanism presented by Eucken and Heuer (116), 
Eucken (117), and Wicke (128) or via the formation of a stable 
salt respectively. Adsorption between tungsten atoms has been 
ruled out owing to the great distance between adjacent tungsten 
atoms within the lattice (--#,-3.86 01). 
Eucken and Heuer (116), Lucken (117) and Wicke (118), 
based their ideas on the mechanism of the analogous dehydrogenation 
of alcohols on their observation that dehydrogenation takes place 
In particular on oxides with a large cation radius and a ain11er 
cation valenôy. As In such oxides the cation can only be 
incompletely surrounded., these authors supposed that the reaction 
proceeds via hydrogen addition to metal ions present on the surface; 
in analogy with this view, the dehydrogenation of formic acid 
could be visualised as follows:- 
1100011 112 + 002 
1 _ ff• 
I 	I 
-0 	 0 
The high 002/ 112 ratios, however, would be inconsistent 
with this approach which was postulated before the importance 
of the formate and other Ions as reaction intermediates was 
known. 
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Whether the mechanism will involve the formation of a salt, 
such as an oxalate or carbonate (93) will depend on, among other 
things, the Stabilities of the oxalate and cax'bonate. The absence 
of any reliable data from the literature does in fact limit the 
use of this approach. In general, however, the stabilities of 
salts derived from dehydrogenating oxides appear to be of the 
same order as those of the corresponding formates. 
The more recent evidence for the bimolecular type of 
mechanism ; given by Hirota (95) and Lawson (97) and outlined in 
the first chapter of this text, would it seem to offer a 
realistic answer to this problem. In deriving the mechanism 
involving the formation of the intermediate complex shown earlier 
(page 15), they argued that strongly bound formate ions are sites 
for adsorption of weakly bound formic acid molecules in the 
presence of the gas phase. Decomposition of this intermediate 
species could then occur according to reaction paths (a) and (b), 
with (a) being favoured by Lawson and (b) by Hirota et. al. 
H000H 1100cr + Hads = 2002 + 2112 	 (a) 
H000H 11000 + Hads = 002 + 	+ 11000 + 11as (b) 
Even allowing for the fact that these researches were carried 
out on metal films, it may be that this approach is what is 
required to explain the results for the dehydrogenation component 
of the decomposition in the present study. 
For instance, ance, it would not seea unfavourable to cnsider 
the higher members of the series, i.e. where x>,O.66, as metals, 
a consequence which in itself would point to a bimolecular type 
mechanism, since recent studies (95,97) have indicated that a 
mechanism of this type is the one consistent with the results 
of the majority of workers (93). Although the larger degree of 
adsorption of H000H for those bronzes with x),0.66 may also be 
consistent with this pióture of a double layer of H000HT 
molecules on the surface, it can also be seen to be in 
agreement with a monomolecular type mechanism. 
Whether or not a bimolecular type mechanism is in fact 
in operation will, it would appear, remain a matter for T 
speculation, as will any attempt, from the present study, to 
explain the similarly high degree of adsorption observed for 
w03 . 
Adoption of a bimolecular mechanism to explain the 
observed results would necessarily require that a slight 
modification be made to the picture outlined above in order to 
explain the high 002/ H ratios. It may be for example, that all 
hydrogen atoms are initially adsorbed prior to desorption as 
molecular hydrogen. 
The correspondence between this higher degree of adsorption 
of H000H and the increased extent of zero order kinetics 
obserred for those members with x0.66 9 may also be explained 
'I 
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from a consideration of simplc Lannuir AsortiQn. 
An adequate explanation of tho'increased extent of zero 
order kinetics at x >,O,66, may be obtained from a consid.eratioh 
of the work by Jones and Loeb (85). On the basis of their 
results, the necessary prerequisite for a high perôentage of 
dehydrogenatiori would apparently be attainment of a certain 
critical high conductivity, providing the necessary high 
quota of electrons to ensure a rapid adsorption together with 
desorption of hydrogen to and from the surface. An explanation. 
along these lines may also account for the increasing 
CO2, CO ratio with percentage decomposition for a given set 
of reaction conditions. If, as was thought possible by these 
workers, the diffusion of hydrogen atoms is a contributing 
factor to the behaviour of the surface to further reaction, 
then it would seem likely that some of the hydrogen atoms 
would occupy vacant sodium sites, with the result that these 
would remain essentially poisoned to further reaction. This 
type of process would explain the almost complete absence of 
hydrogen in the reaction system with the lower bronzes, there 
being a greater number of these sodium vacancies available for 
hydrogen occupation, and also apparently (112) no limit as to 
the amount taken up. Degassing procedure indicated that this 
hydrogen was easily removed, in accord with the ready 
reproducibility of rate measurements. 
Finally, the presence of a compensation effect (93) has 
been shown in graph 11. 
-105-. 
3uminary 
From a consideration of the various arguements, presented 
in this chapter, it would appear that the sodium bronzes conform 
with the electronic theory of catalysis with respect to the 
formic acid decomposition reaction. The 002/ 00 ratio Would 
appear, however, to be governed by the number ot occupied soditm 
sites present on the surface of the bronze, it being assumed, on 
the basis of óond.uctivity, mass spectrometric and e.s,r. work, 
that the oxygen vacancies remain essentially constant for the 
bronzes, with the exception of W0 3 . This necessarily invoked the 
use of an approach based on. the Muitiplet theory to present 
suitable mechanisms for the dehydrogenation and dehydration 
component reactions, consistent with the results. The close 
parallel between the decrease in the extent of dehydration and 
the decrease in adjacent sodium and oxygen vacancies in ascending 
the series has led to a mechanism in which use is made of these 
vacancies to explain the dehydration component of the 
decomposition , The insufficient number of such vacancies, 
together with the apparent higher degree of adsorption of HCOOH 
for those members with xO.66, has necessarily led to a different 
approach. Here, in formulating a mechanism for the dehydrogenation 
component, analogy has been drawn between these higher bronzes 
and the decomposition of formic acid on metals. In addition, 
arguements have been directed in support of a bimolecular and 
a monomolecular process for the dehydrogenation and dehydration 
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component reactions respcoti vLy 
It would appear that there is a critical value of x where 
the preference for dehydration is superced.ed by one for 
dehydrogenation. T he fine dividing line at which this occurs 
would, from the observed results, seem to be associated with 
that value of x at which each sodiurnhas at least another 
sodium atom as nearest neighbour, leading to an unlimited sphere 
of movement for any one arbitrarily chosen conduction electron. 
At this point, for example, one may envisage a 'free run' for 
adsorbed hydrogen atoms in any direction, and so making it 
possible for favourable sites to undergo further reaction. 
This diffusion of hydrogen atoms has also been used to explain 
the shift towards higher 0021 co ratios during the reaction, 
these atoms occupying and essentially poisoning the sodium 
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The sodium tungsten bronzes, with the general formula, NaW039 
where x varies from 0 to 1 0.8, form a series of non-stoichiometric 
compounds with semiconductor (x( 0.25) or metallic (x'> 0.25) 
properties. The 'free' electron concentration varies over a wide 
range with only very small changes in lattice parameters. They 
constitute, therefore, a system for which the connection between 
concentration and mobility on one hand and catalytic activity on the 
other can be conveniently studied, 
In the present study, the sodium bronzes were prepared 
chemically by the solid state reaction. After leaching out unreacted 
tungsten powder, sodium tungstate and tungstic oxide, catalysts were 
analysed for sodium content using an Eel flame photometer. The 
surface area of the bronzes was measured by krypton adsorption at 
_19600. X-ray diffraction, magnetic susceptibility and electron spin 
resonance measurements were carried out on the bronzes. From these 
results and by comparison with those in the literature, it would 
appear that the earlier view, that non-stoichiom.etric oxides contained 
mixtures of several oxidation states has now been superced.ed in these 
compounds, by replacing the hypothetical pentavalent tungsten In 
by a degenerate 'electron gas' formed from the 
valence electrons of ionised sodium atoms in NaW VI 03. Results from 
conductivity measurements carried out on the bronzes, indicated that 
oxygen deficiences were introduced by vacuum heat treatment. This 
effect leads to a rapid increase in conductivity, with the final 
attainment of a 'quasi metallic' state, so that it would appear that 
under vacuum conditions, a changeover from metallic-semiconductor 
properties, earlier thought to take place at xO.25, may now occur at 
much lower values of x, or indeed. may never occur 
4fe j	ej side f necessary. 
The test reaction adopted in this study was the formic acid 
decomposition reaction. This is especially suited to a study of the 
electronic factor in that it involves only one molecular species, the 
rate of decomposition being followed easily by pressure measurements, 
and since it is catalysed by a wide range of oxides. Formic acid may 
decompose either by dehydration to yield carbon monoxide and water or 
by dehydrogenation to yield carbon dioxide and hydrogen. On, some 
catalysts both reactions occur. The decomposition was studied between 
0 
130-230 C, at pressures of25xnm Hg. All catalysts underwent an 
activation process in formic acid, the activity, initially low, 
increased to a stable maximum after about two decomposition runs. 
Product analyses by pressure measurements were carried out to supplement 
mass spectrometric analyses. 0 02/ Co were found to be independent of 
temperature for a given catalyst at a given percentage decomposition. 
They were, however, found to be dependent on percentage reaction and 
for a given set of conditions, varied from one catalyst to another. 
In the majority of cases an increase in CO2, co ratio with extent of 
reaction was observed. CO2/ H2 ratios were found to be very much greater 
than unity, indicating that varying quantities of hydrogen are 
retained by the catalysts in accord with the observations of other 
workers. 
The very similar activities are as would be expected from the 
very similar low resistances observed for all catalysts studied, and are, 
therefore, in keeping with the electronic factor theory. To explain the 
individual contributions of the dehydration and dehydrogenation 
reactions to, the overall activity, use has been made of the Multiplet 
theory, to describe the configuration of the formate ion species, 
present on the surface. The decrease in the dehydration component in 
ascending the series has been related to the decrease in the number of 
adjacent sodium and oxygen vacancies, present on the surface; whereas 
the increase in dehydrogenation in ascending the series has been 
explained by analogy with the results of the formic acid decomposition on 
metals, obtained by other workers. Argu.ments have been forwarded in 
support of separate bimolecular and monomolecular processes, to explain 
the mechanism of the dehydrogenation and dehydration component reactions 
respectively. 
